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ABSTRACT
This paper presents a component-level comparison of the polarized v=1 J =1-0,
v=2 J=1-0 and v=1 J=2-1 SiO maser emission towards the supergiant star VY CMa
at milliarcsecond-scale, as observed using the VLBA at λ = 7mm and λ = 3mm.
An earlier paper considered overall maser morphology and constraints on SiO maser
excitation and pumping derived from these data. The goal of the current paper is to
use the measured polarization properties of individual co-spatial components detected
across multiple transitions to provide constraints on several competing theories for
the transport of polarized maser emission. This approach minimizes the significant
effects of spatial blending. We present several diagnostic tests designed to distinguish
key features of competing theoretical models for maser polarization. The number of
coincident features is limited by sensitivity however, particularly in the v=1 J=2-1
transition at 86 GHz, and deeper observations are needed. Preliminary conclusions
based on the current data provide some support for: i) spin-independent solutions
for linear polarization; ii) the influence of geometry on the distribution of fractional
linear polarization with intensity; and, iii) π/2 rotations in linear polarization position
angle arising from transitions across the Van Vleck angle (sin2 θ = 2/3) between the
maser line-of-sight and magnetic field. There is weaker evidence for several enumerated
non-Zeeman explanations for circular polarization. The expected 2:1 ratio in circular
polarization between J=1-0 and J=2-1 predicted by standard Zeeman theory cannot
unfortunately be tested conclusively due to insufficient coincident components.
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1 INTRODUCTION
The nature and role of magnetic fields is an important open
question in asymptotic giant branch (AGB), supergiant, and
other late stages of stellar evolution. In late-type evolved
stars, magnetic fields have been invoked to explain asym-
metric mass loss (Garc´ıa-Segura et al. 2005), localised fea-
tures such as arcs observed in the circumstellar material
(Soker & Clayton 1999; Soker 2000), and the origin of cir-
cumstellar disks (Matt et al. 2000). Magnetic fields may also
play a role in the presupernova collapse of massive stars
(Heger et al. 2003).
⋆ Visiting Professor affiliation
The primary means to detect magnetic fields towards
late-type evolved stars is through linear and circular po-
larisation observations of several distinct radiation emission
mechanisms. Several factors favour longer-wavelength ob-
servations in such studies. These include: i) the high degree
of visible obscuration for late-type evolved stars with high
mass-loss rates; ii) the technical and sensitivity limitations of
optical polarimetry for weakly-magnetic stars (Donati et al.
1997); and iii) the abundance of dust and molecular species
in the circumstellar environment (CSE) of these objects
with associated emission in the sub-millimeter or millime-
ter regime.
Magnetic fields have been detected towards plane-
tary nebulae and protoplanetary nebulae by interferomet-
c© 2016 The Authors
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ric imaging of linearly-polarised continuum sub-millimetre
emission, which traces dust alignment due to the magnetic
field (Greaves 2002; Sabin et al. 2007). The linear polarisa-
tion of molecular line emission can trace the magnetic field
through the Goldreich-Kylafis effect (Goldreich & Kylafis
1981), which has been observed in 620.701 GHz 532 − 441
H2O maser emission towards VY CMa (Harwit et al. 2010)
and detected in thermal CO (J=2-1) and v=0, J-5-4 SiO
emission toward IK Tau by Vlemmings et al. (2012). Op-
tical spectropolarimetry has been used to detect magnetic
fields of magnitude∼ 100 G in an active giant (Aurie`re et al.
2008), of order a few Gauss in several rapidly rotating gi-
ants (Konstantinova-Antova et al. 2009), ∼ 1 G in the su-
pergiant Betelgeuse (Aurie`re et al. 2010) and . 1 G in eight
massive late-type supergiants (Grunhut et al. 2010). These
detections used a least-squares deconvolution technique to
find composite circular polarisation profiles from hundreds
of observed optical spectral lines in order to mitigate sensi-
tivity limitations noted above (Donati et al. 1997). The first
detection of a photospheric magnetic field toward a Mira
variable, the S-type star χCyg, was recently reported using
this technique by Le`bre et al. (2014), who measured a lon-
gitudinal magnetic field component of 2-3 G for this star.
Sabin et al. (2015), using similar techniques, report longitu-
dinal magnetic fields of 0.6 G and 10.2 G for the post-AGB
stars R Scuti and U Monocerotis respectively.
Towards the end of a star’s lifetime, its mass loss in-
creases and it can shed a considerable fraction of its mass
through the stellar wind. This matter forms a dusty cir-
cumstellar envelope, which obscures the star at optical and
infrared wavelengths (Iben & Renzini 1983). Maser emis-
sion becomes a particularly important observational tool
during these final stages of stellar evolution, as it is vis-
ible within dusty circumstellar envelopes (Cohen 1989).
OH, H2O and SiO masers have all been used to mea-
sure magnetic fields in the circumstellar envelopes of late-
type stars, where they sample the magnetic field over a
range of distances from the star (Reid & Moran 1981). OH
maser observations of Zeeman patterns have been used
to derive magnetic field estimates for evolved stars (e.g.
Reid et al. 1979; Chapman & Cohen 1986; Szymczak et al.
1998; Etoka & Diamond 2004) and protoplanetary nebu-
lae (e.g. Bains et al. 2003, 2004; Szymczak & Ge´rard 2004;
Go´mez et al. 2009). Circular polarisation observations of
H2O masers have also been used to derive mangetic field
estimates in the circumstellar envelopes of late-type evolved
stars (e.g Vlemmings et al. 2002, 2005; Richards et al.
2004; Leal-Ferreira et al. 2013), in protoplanetary nebulae
(Vlemmings & van Langevelde 2008), and in the so-called
water-fountain jet sources (Vlemmings et al. 2006). Simi-
larly, circular polarisation studies of SiO masers have also
been used to derive magnetic field estimates in the circum-
stellar envelopes of evolved stars (e.g. Barvainis et al. 1987;
Kemball & Diamond 1997; Amiri et al. 2012).
The high brightness temperature of maser emission
makes it detectable at compact spatial scales with Very Long
Baseline Interferometry (VLBI). SiO maser emission, in par-
ticular, can be imaged at milliarcsecond angular resolution
in the inner circumstellar envelopes of late-type evolved stars
(e.g. Diamond et al. 1994; Diamond & Kemball 2003), mak-
ing it a promising probe of the magnetic field at a distance
of only a few stellar radii from the surfaces of these stars.
However, in order for magnetic field information to be de-
rived from the SiO maser polarisation observations, a maser
polarisation radiative transfer model is required.
1.1 SiO maser polarisation theory
SiO is a non-paramagnetic molecule (Elitzur 1992) and in-
variably falls into the weak-splitting Zeeman regime, where
fully-separated Zeeman patterns are not observed (Gray
2012).
The theory of polarized maser emission in this regime
has been investigated in series of papers by Elitzur (e.g.
Elitzur 2002, and references therein), and by Watson and
collaborators (e.g. Watson 2002, and references therein).
Both of these works build on the foundational maser po-
larisation theoretical model developed by Goldreich et al.
(1973, hereafter GKK).
In the Elitzur model, circular polarisation of the maser
emission is considered in the small-splitting regime primarily
arising from the standard Zeeman effect, subject to the cri-
teria that the maser polarisation has reached its stationary
state and there is no significant magnetic field line curva-
ture along the maser path (Elitzur 2002); this model can be
used to derive directly the magnetic field strength in the en-
velope from a measurement of circular polarization. In the
Watson et al. models, multiple causes of circular polarisa-
tion are considered, including: i) the standard Zeeman effect
alone; ii) the Zeeman effect with modifications due to satu-
ration; and, iii) a change in quantisation axis as the maser
propagates leading to the inter-conversion of linear to cir-
cular polarisation, termed non-Zeeman circular polarisation
(Watson 2002). The two bodies of theoretical work differ
primarily in their foundational assumptions regarding the
rate of establishment and stable propagation of stationary
polarization modes; accordingly their predictions of maser
polarization as a function of saturation frequently differ.
Gray (2003) compared the Elitzur and Watson mod-
els to the multi-level maser model by Gray & Field (1995).
He found that the latter model level population equations
could be reduced to those used by Watson (1994) thus an-
ticipating similar model predictions. The theory of maser
polarization is described in further detail in the monograph
by Gray (2012). We note that Asensio Ramos et al. (2005)
have considered the effect of radiation anisotropy and the
Hanle effect on circumstellar SiO maser polarization. In ad-
dition, a recent paper by Houde (2014) considers anisotropic
resonant scattering. In the current paper we focus primarily
on testing current data against the core theories of Watson
and Elitzur; future work will consider observational tests
against more recent theoretical developments in the area of
anisotropy in further detail.
Circumstellar SiO masers are strongly linearly
polarised (e.g. Troland et al. 1979; Clark et al. 1982;
Kemball & Diamond 1997) and probably at least partially
saturated (Nedoluha & Watson 1994). In this parameter
regime the observed circular polarisation could be created
by either Zeeman or non-Zeeman effects. Furthermore,
anisotropic pumping is a consideration for circumstellar
SiO maser observations due to their proximity to the central
star (Nedoluha & Watson 1990a).
When observations of SiO maser circular polarisation
are interpreted as due to the standard Zeeman effect alone,
MNRAS 000, 1–?? (2016)
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they imply circumstellar magnetic fields in the range of
a few Gauss up to a few tens of Gauss in some cases
(Barvainis et al. 1987; Kemball & Diamond 1997). These
magnetic field magnitudes imply a magnetic energy den-
sity of more than ∼ 10−0.5 dyne.cm−2 (Reid 2007). In con-
trast, the thermal pressure is ∼ 10−2.7dyne.cm−2 and the
ram pressure is ∼ 10−2.5dyne.cm−2 in the SiO maser re-
gion of a typical AGB star circumstellar envelope (Reid
2007). The magnetic energy density derived from the stan-
dard Zeeman interpretation is thus much greater than the
thermal and ram energy densities. If this is the case, then
the magnetic field may play a dominant role in the mass
loss from the star and shaping of the envelope if globally
organised (e.g. Matt et al. 2000; Garc´ıa-Segura et al. 2005).
Alternatively, the SiO masers may be preferentially sam-
pling strong localised magnetic fields with low global fill-
ing factors, caused by amplification of the tangential mag-
netic field due to shock compression around pulsating stars
(Hartquist & Dyson 1997; Kemball et al. 2009).
Under a non-Zeeman interpretation, the observed lev-
els of circular polarisation could be created in the pres-
ence of magnetic fields of only a few tens of milliGauss
(Nedoluha & Watson 1994; Wiebe & Watson 1998). For a
magnetic field of this order the magnetic energy density is
less than the thermal and kinetic energy densities in the
SiO maser region. These uncertainties underline the scien-
tific importance of placing closer observational constraints
on the theoretical interpretation of SiO maser polarization
data.
1.2 Overview
In this paper we systematically evaluate a number of obser-
vational tests designed to differentiate between the maser
polarisation models discussed above, in order to improve the
robustness of inferred magnetic field measurements from SiO
maser emission observations. These tests entail component-
level comparison of SiO maser features from the 43 GHz
J=1-0 and 86 GHz J=2-1 transitions at milliarcsecond (mas)
resolution, in order to minimize the effects of spatial blend-
ing. The supergiant star VY CMa was chosen as the target of
this investigation, due to its high SiO maser luminosity over
a wide range of SiO transitions (Cernicharo et al. 1993). The
v=1 J=1-0, v=2 J=1-0 and v=1 J=1-0 SiO maser emission
toward VY CMa was observed in full polarisation in this
study, using the Very Long Baseline Array (VLBA1,2). The
first paper based on these data primarily addressed the over-
all maser morphology and implications for pumping and ex-
citation (Richter et al. 2013, hereinafter Paper I). The cur-
rent paper concerns a detailed component-level analysis of
the data and resulting observational constraints on theories
of maser polarization propagation. The current component-
level analysis is confined to the epoch 2 data in Paper I,
which have a significantly higher signal-to-noise ratio (SNR)
than the earlier epoch 1 data.
1 The VLBA is operated by the National Radio Astronomy Ob-
servatory (NRAO). The NRAO is a facility of the National Science
Foundation operated under cooperative agreement by Associated
Universities, Inc.
2 science.nrao.edu/facilities/vlba/docs/manuals/oss
The VLBA observations and their reduction are de-
scribed in Section 2 and the results are presented in Sec-
tion 3. Six observational tests of the polarisation models are
proposed in Section 4, followed by their evaluation against
the SiO data presented here. The conclusions are sum-
marised in Section 5.
2 OBSERVATIONS AND DATA REDUCTION
Full-polarisation VLBA observations were performed on 15
and 19 March 2007, under project code BR123. The transi-
tions 28SiO v={0,1,2} J=1-0 and J=2-1, 29SiO v=1 J=1-0
and 30SiO v=0 J=1-0 were observed. We consider here
only the 28SiO v={1,2} J=1-0 and v=1 J=2-1 data, which
were observed at adopted rest frequencies of 43122.03 GHz,
42820.48 GHz and 86243.37 GHz respectively (Mu¨ller et al.
2005). For each transition the spectral windows were centred
in frequency assuming a systemic LSR (Local Standard of
Rest) velocity of +18 km.s−1 for the target source VY CMa.
These obsevations are described in detail in Paper I,
which presents the total intensity and linear polarisation
maps for each transition. The current paper presents the
component-level linear and circular polarisation properties
of the emission. A brief observational summary is provided
below followed by a discussion of polarization calibration
relevant to the current paper.
The target source VY CMa was observed in conjunc-
tion with continuum extragalactic sources 3C454.3, J0423-
0120, J0609-1542 and 3C273, which were used as bandpass
and continuum phase calibrators for all frequency bands.
The data were sampled using two-bit quantisation, and cor-
related in full cross-polarisation over 128 frequency chan-
nels per spectral window. The 43 GHz lines were recorded
in 8-MHz spectral windows and those in the 86 GHz band
in 16-MHz spectral windows. The nominal velocity channel
width in all spectral windows is therefore ≈ 0.43 km.s−1.
The data were reduced following methods outlined
in Kemball & Richter (2011); these methods extend the
calibration techniques described in Kemball et al. (1995)
and Kemball & Diamond (1997) to allow high-accuracy
Stokes V measurement for millimeter-wavelength VLBI
spectral-line observations. Data reduction refinements pre-
sented in Kemball & Richter (2011), and utilised here, in-
clude:
• Solving for and correcting the bandpass phase response
offset between RCP (right circular polarisation) and LCP
(left circular polarisation) receptors at the reference an-
tenna.
• Applying an aliasing correction to the autocorrelation
bandpass amplitude response, before re-use as part of the
cross-correlation complex bandpass correction.
• The use of autocorrelation polarisation self-calibration;
a coupled iterative solution for instrumental polarization
and amplitude calibration using autocorrelation template
spectral fitting.
• The use of a multi-antenna composite template spec-
trum during the latter amplitude calibration of the RCP
and LCP receptor systems.
• The use of a global fit to continuum calibrator data to
determine the differential R/L ampliude gain offset between
the RCP and LCP receptor systems.
MNRAS 000, 1–?? (2016)
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SiO Clean beam Nant I peak σI
transition [µas] [Jy/beam] [Jy/beam]
v=1 J=1-0 460× 150 10a 22.15 0.089
v=2 J=1-0 430× 140 9b 12.16 0.134
v=1 J=2-1 420 × 90 8c 46.96 0.200
Table 1. Summary of the VLBA observations. For each SiO
maser transition imaged, this table lists the major and minor
angular dimensions of the CLEAN restoring beam, the number,
Nant, and configuration of VLBA antennas, the peak Stokes I
brightness in the image cube, and the broadened thermal noise
estimate σI (as defined in Paper I).
aVLBA antennas: BR, HN, KP, LA, MK, NL, OV, PT, SC,
and a single VLA antenna; bVLBA antennas: BR, HN, KP, LA,
MK, NL, OV, PT, SC; cVLBA antennas: BR, FD, KP, LA,
MK, NL, OV, PT. (VLBA antenna abbreviations given in sci-
ence.nrao.edu/facilities/vlba/docs/manuals/oss).
The data reduction was performed using a customised
version of the Astronomical Image Processing System
(AIPS3). The observations are summarised in Table 1. For
each SiO maser transition the table lists the CLEAN restor-
ing beam major- and minor-axis angular dimensions, the an-
tenna configuration, the peak Stokes I brightness (Jy/beam)
in the resultant image cube, and the highest broadened ther-
mal noise estimate σI (Jy/beam) across all frequency chan-
nels of the imaged cube. The noise from all four Stokes pa-
rameters were broadened as described in Paper I, to account
for un-modeled residual calibration and deconvolution errors
in the off-source noise estimate. All of the resulting Stokes
parameter errors presented in this paper are similarly broad-
ened. The total time on the target source VY CMa was
150 minutes for each transition.
The linear polarisation absolute electric vector position
angle (EVPA) was determined using ancillary Very Large
Array (VLA4). observations. The VLA observed the primary
polarisation calibrator J0521+166 (3C138) and secondary
polarisation calibrators J0646+448, J0609-1542, J0423-013
and J0542+498 in Q-band on 17 March 2007. At this time
the array was in D configuration. The absolute EVPA of
the primary polarisation calibrator 3C138 was adopted to
be −14◦ (Perley & Taylor 2003), and was used to calibrate
the absolute EVPA of the secondary VLA polarisation cal-
ibrators. The secondary polarisation calibrators were then
included in the VLBA observations to establish by reference
the absolute EVPA of all remaining VLBA sources (equiva-
lently, the residual unknown R-L phase difference at the ref-
erence antenna, assumed constant (Kemball 1999)). It was
not possible to use this method to perform absolute EVPA
calibration of the 86 GHz data, as the VLA is not equipped
to observe at this frequency.
2.1 Circular polarisation calibration
The VY CMa SiO maser emission is expected to be only
weakly circularly polarised, at a level of a few percent (e.g.
3 AIPS is developed and maintained by the NRAO
(http://www.aips.nrao.edu)
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SiO Frequency gRL0 σgRL0
σmc
transition band
v=1 J=2-1 86 GHz 0.990 8.5× 10−3 0.61%
v=2 J=1-0 43 GHz 1.024 7.5× 10−3 1.8%
v=1 J=1-0 43 GHz 0.993 7.4× 10−3 0.00064%
Table 2. The circular polarisation accuracy parameters for the
BR123 data sets. The columns from left to right are: the spectral
line observed, the frequency band of the observation, the refer-
ence R/L amplitude gain gRL0 , the jackknife error estimate σgRL0
,
and an independent measure of error σmc in fractional circular
polarization, derived from continuum calibrator imaging tests.
McIntosh et al. 1994; Herpin et al. 2006). Accurate calibra-
tion is therefore required for the circular polarisation mea-
surements, as described in Kemball & Richter (2011).
As outlined in the previous section, the calibration
method employed in this work solves for the differential
R/L amplitude gains from a global fit to the continuum
calibrator data. The calibrators J0423-1020 and J0609-1542
were used in this fit. No continuum circular polarisation
has been detected towards J0423-1020 (Homan et al. 2001;
Homan & Lister 2006; Vitrishchak et al. 2008; Agudo et al.
2010). Continuum circular polarisation has been de-
tected towards J0609-1542, at frequencies 6 8 GHz
(Homan et al. 2001; Homan & Wardle 2003; Aller et al.
2003), and a −0.23% detection has been reported at
15 GHz (Homan & Wardle 2003), as well as a more re-
cent 15 GHz non-detection with an upper limit of 0.21%
(Homan & Lister 2006). A non-detection with an upper
limit of 0.53% has been reported at 86 GHz (Agudo et al.
2010). Circular polarisation at a level of . 0.5% will not be
significant relative to the noise in the work reported here, so
J0609-1542 was also considered a suitable calibrator for the
global continuum calibrator fit.
The errors σgRL0
in the R/L amplitude gains estimated
using this method were determined using jackknife subsam-
pling (Davison & Hinkley 1997). Table 2 lists for each ob-
served SiO transition, the reference differential R/L ampli-
tude gain gRL0 , associated jacknife error estimate σgRL0
, and
an independent measure of the error σmc in fractional circu-
lar polarization derived from continuum calibrator imaging
of net residual Stokes V , described in further detail below.
In this latter test, the accuracy of the spectral-line cir-
cular polarization amplitude calibration was independently
assessed by applying the line amplitude calibration derived
for the SiO maser source to a continuum calibrator source
in the data set; the calibrator was then imaged after appli-
cation of an additional, multiplicative ǫgRL offset before al-
lowing only residual phase calibration. This cross-calibration
was repeated independently for a range of values ǫRL, span-
ning unity. Further details of this test can be found in
Kemball & Richter (2011). Calibrator J0423-1020 was cho-
sen for this test because it is the brightest calibrator that
was observed throughout the schedule.
Ten iterations of phase-only self-calibration were per-
formed for each ǫgRL data set constructed in this manner,
imaging down to a final deconvolution threshold of a few
times the thermal noise limit. The J0423-1020 data from the
J=1-0 observation were imaged with pure uniform weight-
MNRAS 000, 1–?? (2016)
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Figure 1. Plots of continuum calibrator circular polarisation, mc, versus multiplicative R-L amplitude gain offset ǫgRL for calibrator
J0423-0120, for 43 GHz v=1 J=1-0 data (left), 43 GHz v=2 J=1-0 data (middle), and the 86 GHz v=1 J=2-1 data (right). For each
data set a second-order polynomial was fitted to the data, which is plotted as a dashed line.
ing. For the J0423-1020 data from the J=2-1 observation,
Briggs weighting with a robustness parameter of zero (Briggs
1995) was found to produce superior imaging performance.
This calibration and imaging procedure for J0423-1020 was
performed independently for multiplicative ǫgRL offsets of
0.95, 0.975, 1.0, 1.025 and 1.05.
However, J0423-0120 was only observed for nine scans
of approximately seven minutes each over the course of the
observations, so the data set does not contain a large number
of visibilities. Furthermore, the number of unflagged visibil-
ities is further reduced after interpolating the VY CMa am-
plitude calibration gains onto J0423-0120, as there are time
interval limits over which the line calibration solutions may
reasonably be interpolated. A range of interpolation meth-
ods and flagging limits were investigated to determine the
optimal interpolation parameters. These retain enough data
to image while removing data where interpolation errors are
most extreme. The optimal interpolation method was found
to be a three-point median window filter with an interpo-
lation limit of 14.25 minutes, half the length of a VY CMa
scan.
The measured image-plane calibrator circular polarisa-
tion percentages for each ǫgRL offset value are plotted in
Figure 1. The circular polarisation was calculated from av-
erage Stokes I and V values, measured in a tight image box
enclosing the central Stokes I emission. If the relative am-
plitude gains between the RCP and LCP data are correct,
we would expect a mc = 0 intercept for ǫgRL = 1. The devi-
ation of the mc intercept from zero provides a conservative
upper bound σmc on the error in the R/L line amplitude cal-
ibration, given the inherent interpolation errors between line
and continuum scans in this test. A second-order polynomial
was fitted to each measured sequence mc(ǫgRL); values com-
puted at mc(ǫgRL = 1) are listed in the right-most column
of Table 2.
For the v=2 J=1-0 data set, the calibrator imaging
test gives a particularly poor result, with an estimated
σmc = 1.8% (Table 2; Figure 1). Of the three calibrator
data sets, the imaging artifacts were most extreme for the
Stokes V v=2 J=1-0 data set J0423-1020 images, with deep
off-source negatives around the central source region. If the
Stokes V values for this data set are averaged over a larger
box incorporating the negative regions around the Stokes I
source position, then the fitted ǫgRL = 1 intercept occurs
at ‖mc‖ 6 0.5%. Thus, this independent estimate of error is
at its limit of applicability for this transition, as discussed
further below.
Outside of this discrepant v=2 J=1-0 calibrator imag-
ing result, Table 2 shows that the errors in the R/L am-
plitude gain solutions are 6 1%. Kemball & Richter (2011)
estimate the accuracy of the circular polarisation calibra-
tion method applied to VLBA observations of SiO maser
emission towards TX Cam to be 6 0.5 − 1% at 43 GHz
and 6 1% at 86 GHz. These ranges are consistent with
the jacknife error estimates σgRL0
in Table 2. The poorer
performance reported for the v=2 J=1-0 calibrator imag-
ing test in the current work is due in part to the greater
angular separation between the target source VY CMa and
calibrators J0423-1020 and J0609-1542, compared to the an-
gular separation between the source and calibrators used in
Kemball & Richter (2011), as well as the low elevation of
VY CMa. Both effects heighten interpolation errors in this
test. The current data set also contained fewer calibrator
observations than that used in Kemball & Richter (2011).
3 RESULTS
For each transition, the peak intensity (over frequency chan-
nel) is plotted as a single-contour plot in Figure 2, colour-
coded and overlaid by transition, at a contour level of 5σI .
This follows Figure 8 in Paper I and defines features F1-F6,
and includes a circle denoting the estimated stellar diam-
eter (see Section 4 below). Absolute astrometric positions
are lost during the data reduction process, due to the use
of phase self-calibration (Thompson et al. 2004), so the rel-
ative alignment of the transition maps is unknown a priori.
As described in Paper I the relative alignment was instead
determined using a cross-correlation method and this align-
ment is used in Figure 2. The uncertainty in the map align-
MNRAS 000, 1–?? (2016)
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Figure 2.Overlaid single-contour total intensity plots of the peak
Stokes I brightness over frequency for the SiO transitions v=1
J=1-0 (blue), v=2 J=1-0 (green), and v=1 J=2-1 (red). The con-
tour level is 5σI . The relative astrometric alignment was deter-
mined using a cross-correlation method, as described in the text.
The features F1 to F6 defined here are discussed in the text and
plotted in Figures 4 through 9. A circle of diameter 18.7 mas rep-
resenting the estimated stellar diameter is plotted at the adopted
stellar position (described further in Section 4.3).
ment is estimated to be < 0.05 mas (Paper I). The maps of
the v=2 J=1-0 and v=1 J=2-1 SiO maser transitions were
restored with the same beam size as the v=1 J=1-0 SiO
maser map, to allow component-level comparison of maser
features.
3.1 Maser feature parameters
Component-level parameters of the individual features in the
full Stokes I image cubes were extracted using the three-
dimensional source detection software Duchamp (Whiting
2012). The detection threshold used in Duchamp was set
to five times the broadened noise σI in the channel with
the highest root mean square (RMS) noise (Table 1). The
minimum channel width for feature detection was set to two
channels, as the narrowest line widths of SiO maser features
are typically ∼ 0.5 km/s (Glenn et al. 2003).
The catalogue of maser features detected with Duchamp
in Stokes I is presented in Appendix A. The table lists the
mean velocity v and velocity extent ∆v of each feature. The
Stokes Q, U and V brightness values for each feature were
taken to be the associated value of the emission at the pixel
position of maximum Stokes I in the feature. The quoted
errors {σI , σQ, σU , σV } in the Stokes parameters use broad-
ened off-source noise estimates, as described above.
The fractional circular polarisation mc, fractional lin-
ear polarisation ml, and the EVPA χ were derived from the
measured Stokes I , Q, U and V brightness values. The un-
certainties in mc, ml and χ are also included in the tables,
calculated through propogation of the Stokes parameter er-
rors.
The positions in the table are given as offsets (∆α, ∆δ)
on the projected plane of the sky, measured in milliarcsec-
onds and increasing in the direction of increasing right as-
cension and declination. The offset is measured from the
adopted centre of the map after relative alignment of the
maser maps in each transition.
Calculation of the measured linearly-polarized intensity
P are intrinsically biased due to the Ricean probability dis-
tribution of the non-negative P =
√
Q2 + U2. This bias is
taken into account by using the correction P ′ =
√
P 2 − σ2QU
(Wardle & Kronberg 1974). The noise levels in the Stokes
Q and U maps are similar, so the assumption is made that
σQ ∼ σU in this analysis, and the geometric mean denoted
as σQU =
√
σQσU . The fractional linear polarisation values
ml listed in the appendix have this correction taken into
account. There is no bias correction needed for the position
angle χ (Wardle & Kronberg 1974).
The non-Gaussian probability density functions of ml
and mc must also be taken into account when assessing
statistical significance of a polarisation detection. In each
case a detection limit was established by considering the
null hypothesis that the fractional polarisation is equal to
zero. The detection limit was set to the upper threshold of
the 95% probability interval for zero fractional polarisation.
These values can be determined through numerical intergra-
tion of the probability density functions (PDF) for ml and
mc (Kemball 1992), but have well-behaved limit approxima-
tions.
The detection limit ul for the fractional linear polarisa-
tion can be approximated by a range estimator
ul =
1.65√
2
[
P ′ + σP ′
I − σI −
P ′ − σP ′
I + σI
]
(1)
where σP ′ =
√
Q2σ2
Q
+U2σ2
U
P ′
(Kemball 1992). This prior work
found that for ml values up to 5% the range estimator ap-
proximation ul is an underestimate of the detection limit by
up to 10%. However, when the fractional linear polarisation
is large the range estimator may overestimate ul by 35%. In
the catalogues in Appendix A, only values of ml exceeding
the detection limit ul are listed.
The 95% probability interval for the fractional circular
polarisation mc can be calculated using the Geary-Hinkley
transformation, as described by Hayya et al. (1975), to yield
upper and lower limits of
uc = ±1.96 σV√
µ2I − 1.962σ2I
(2)
This approximation is good to within 5% when σI < 0.39µI
and σV > 0.005µV , where µI and µV are the mean values
of Stokes parameters I and V (Hayya et al. 1975). These
conditions are met for features listed in the Appendix cata-
logue. Only circular polarisations greater than the detection
limit uc are listed in the Appendix.
The features which display statistically-significant lin-
ear and circular polarisation are shown in Figure 3.
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Figure 3. Linearly (left) and circularly (right) polarised features, from Tables A1 to A3, for v=1 J=2-1 (red), v=1 J=1-0 (blue) and
v=2 J=1-0 (green). The fractional polarisation of each feature is represented by a circle centered on the position of the feature, with the
gray scale level of the circle increasing in proportion to the absolute fractional polarization of the feature. For the circularly-polarised
features, the black border of the circle denotes whether mc > 0 (solid) or mc < 0 (dashed). The |mc| values fall in the range [1.2%,7.1%]
and the ml values fall in the range [1.6%,46.5%].
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3.2 Sub-feature level parameter extraction
Six maser features extended across angular position and fre-
quency were chosen for more detailed polarisation analysis.
The features were chosen based on their spatial coincidence,
or near spatial coincidence, in multiple SiO maser transions
and are labelled F1 to F6 in Figure 2.
The features and their spectra are plotted in Figures 4
through 9. Where the features consist of multiple distinct
maser spots, separated in position or frequency, the spots
are labelled separately in the figures and separate spectra
are plotted for each.
In these Figures, contour plots of overlapping v=1
J=1-0 (blue), v=2 J=1-0 (green) and v=1 J=2-1 (red)
Stokes I emission are shown for each feature. The contours
are drawn at levels {3σI , 5σI}, in terms of the broadened off-
source noise limits described above. If contours for a partic-
ular transition are absent, the emission from that transition
is weaker than the lowest contour. Associated EVPA plots
overlaid on total intensity contour plots are also provided
for those transitions with statistically-significant linear po-
larisation.
The accompanying Stokes I spectra in these Figures
were calculated from the peak Stokes I pixel brightness val-
ues measured for each frequency channel across the feature.
A threshold cutoff of three times the broadened noise in
each channel was applied across the spectrum. The associ-
ated Stokes Q, U and V brightness values were measured
at the pixel position of the Stokes I maximum, and ml and
mc computed accounting for statistical bias and the detec-
tion limits described above. For features where statistically-
significant linear or circular polarisation was measured, the
percentage polarisation values are shown in separate spec-
tra.
In all spectra, the v=2 J=1-0 frequency axes are shifted
by two channels (∼ 0.86 km s−1) to account for an observed
∼ 2 channel frequency offset between the positions of maser
features in the v=2 J=1-0 transition, and the v=1 J=1-0
and v=1 J=2-1 transitions. As described in Paper I, the
offset is likely due to errors in the assumed rest frequencies
of these transitions.
4 DISCUSSION
The foundational analysis of maser polarisation was pro-
vided by Goldreich et al. (1973) (GKK), who treated the
maser emission semi-classically, with the molecules modeled
in a quantum mechanical framework, and the radiation field
modeled in a classical framework. The GKK polarisation
solutions were derived in several limiting cases, defined by
the relative values of the stimulated emission rate R (s−1),
the decay rate Γ (s−1), the Zeeman splitting gΩ (Hz) and
the spectral width of the line ∆ω (Hz). Astrophysical SiO
masers are in the weak-splitting regime ∆ω ≫ gΩ (Gray
2012). As emphasized in a review by Watson (2002), the
GKK solutions are an idealisation, as they deal with the
specific case of a one-dimensional linear maser in a J=1-0
transition, weak continuum seed radiation, a constant mag-
netic field, m-isotropic pumping, a homogeneous environ-
ment, and derive the solutions at the line centre only. As
further noted by Watson (2002), GKK solutions are not a
continuous set of maser polarisation solutions over a range of
maser intensities, or levels of saturation. It is noted that the
GKK solutions in the extreme limit of strong saturation are
obtained by setting the derivatives of the Stokes parameters
with respect to intensity (effectively equivalent to distance)
to zero and solving the resulting algebraic equations for frac-
tional polarisation.
Subsequent work extended the GKK solutions to
higher-order J transitions and to intermediate relative val-
ues of (R,Γ, gΩ,∆ω), such as partial saturation. Additional
effects such as m-anisotropic pumping and non-Zeeman
mechanisms for producing circular polarisation have also
been considered. In this paper we primarily consider the
work by Elitzur (Elitzur 2002, and references therein) and
by Watson and co-authors (Watson 2002, and references
therein). Elitzur has principally taken an analytic approach,
finding stationary polarisation solutions. The work by Wat-
son and collaborators makes use of numerical solutions of
the polarised radiative transfer equations. A key founda-
tional difference between the two approaches is that in the
Watson approach the GKK solutions are considered appli-
cable strictly under the asymptotic limits under which they
were formulated (Nedoluha & Watson 1993), as described
above. In this view, the limiting solutions are not consid-
ered applicable to observational data (Watson 2009). In the
Elitzur approach, however, only stationary solutions are as-
sumed to propagate, and the maser emission will rotate into
the stationary solutions well before saturation (Elitzur 1996,
2002).
Based on parameter estimates, circumstellar SiO maser
emission most likely falls in the gΩ≫ R or gΩ > R regime
with R > Γ or R ≫ Γ (Kemball et al. 2009; Watson 2009;
Assaf et al. 2013); we consider this regime for the remainder
of the paragraph. Here the GKK linear polarisation solutions
have a position angle either parallel to or perpendicular to
the projected magnetic field. The Elitzur model reproduces
the GKK results in this regime (Elitzur 1991).
Under the Watson model the linear polarisation so-
lutions only asymptotically approach the GKK solution
at high levels of saturation (Western & Watson 1984;
Watson & Wyld 2001). For high saturation the form of the
linear polarisation as a function of the angle Θ between the
magnetic field and the line of site is similar to the GKK
solution, without the sharp cutoff at the Θ ≈ 35◦ break
angle (Watson & Wyld 2001, GKK). In these solutions, if
gΩ > R,Γ the EVPA will similarly be either parallel or per-
pendicular to the projected magnetic field (Watson 2002).
In contrast, in the gΩ ≃ R regime, which is believed
less likely based on parameter estimates, the linear polarisa-
tion position angle as a function of Θ will vary in form with
intensity (Nedoluha & Watson 1990b). At gΩ ∼ R the frac-
tional linear polarisation varies significantly with intensity
(Nedoluha & Watson 1990a).
Linear polarisation can also be created bym-anisotropic
pumping of the masers, in the absence of a magnetic
field in the medium (Bujarrabal & Nguyen-Q-Rieu 1981;
Western & Watson 1983), or in conjunction with a magnetic
field (Western & Watson 1984; Nedoluha & Watson 1990a).
The primary cause of circular polarisation explored
by the Elitzur model is standard Zeeman splitting in the
presence of a magnetic field (Elitzur 1996). The Watson
models consider circular polarisation caused by standard
MNRAS 000, 1–?? (2016)
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Figure 4. Emission properties of feature F1, which is defined in Figure 2.
Left, top to bottom: i) Overlaid contour plot of the v=1 J=1-0 (blue), v=2 J=1-0 (green) and v=1 J=2-1 (red) maser emission drawn at
contour levels of {3σI , 5σI}; ii-iv) contour plots of the v=1 J=1-0, v=2 J=1-0 and v=1 J=2-1 emission at a total-intensity contour level
of {3σI}, overlaid with vectors proportional in length to the underlying linearly polarized intensity on a scale where 1 mas = 27.78 ×
10−3 Jy/beam. The vector orientation is in the direction of absolute EVPA for the J=1-0 lines (ii-iii; see text for J=2-1 EVPA alignment).
The synthesised beam is drawn in lower-left of frames (ii) to (iv), and is 0.46× 0.15 mas in half-power at a position angle of −1.80◦.
Right, top to bottom: i) Feature spectra of Stokes I intensity; ii) percentage linear polarisation, and iii) percentage circular polarisation
over line-of-sight LSR velocity (in km/s). The upper axis of the Stokes I spectrum shows the x-position at each velocity channel across
the feature where the v=1 J=1-0 Stokes parameters were measured.
Zeeman splitting, with modifications due to saturation ef-
fects (Watson & Wyld 2001), as well as non-Zeeman circu-
lar polarisation created by the the inter-conversion of lin-
ear to circular polarization in the intermediate intensity
regime, due to intervening turbulent magnetic field direc-
tions or Faraday rotation (Nedoluha & Watson 1990b, 1994;
Wiebe & Watson 1998).
4.1 Faraday rotation
Faraday rotation is a potential factor in any of the maser
polarisation models, as Faraday rotation along the maser
path may reduce the levels of integrated linear polari-
sation (GKK) and rotate the linear polarization EVPA
(Wallin & Watson 1997).
Faraday depolarisation becomes significant when the
length of the region of plasma traversed by the radiation
becomes close to the length scale 1.2 × 1017(λ2 n B||)−1
(cm) corresponding to a Faraday rotation of π radians,
where λ is the wavelength of the radiation (cm), n is the
electron density of the plasma (cm−3) and B|| is line of
sight magnetic field (G) as derived using standard defini-
tions of rotation measure (e.g. Draine 2011). The electron
density in the SiO maser region of VY CMa is unknown. Ex-
cess 8.4 GHz emission has been measured around VY CMa
(Knapp et al. 1995) and VLA continuum observations at 15,
22 and 43 GHz have been modelled as a radio photosphere
extending out to 1.5-2 R⋆ (Lipscy et al. 2005). The extended
atmospheres of late-type evolved stars are known to be com-
plex in their layered structure, chemical composition, and
kinematics (Wittkowski et al. 2011; Ireland et al. 2011), and
similar complexity is likely in their ionization structure. An
inner chromospheric ionized component is detected in the
supergiant α Ori in UV spectroscopy, with a peak electron
density ne ∼ 108 cm−3 close to the photosphere and a low
filling-factor at larger radii (Harper & Brown 2006). The
larger and cooler radio photosphere is believed ionized pre-
dominantly by photo-ionized metals, and lies predominantly
MNRAS 000, 1–?? (2016)
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Figure 5. Emission properties of feature F2, which is defined in
Figure 2.
Top, left to right: Overlaid contour plot of the v=1 J=1-0 (blue)
and v=1 J=2-1 (red) maser emission, as for Figure 4; Contour plot
of the v=1 J=1-0 emission overlaid with linear polarisation EVPA
vectors, as for Figure 4. Bottom, left to right: Stokes I spectrum
of the feature and percentage linear polarisation spectrum of the
feature, as for Figure 4.
interior to the SiO maser region (Reid & Menten 1997;
Gustafsson & Ho¨fner 2004, p.g. 149-245). The SiO masers
in VY CMa lie at an approximate mean radius of ∼ 2.5 R⋆.
Number densities of order ∼ 1010 cm−3 and a mean temper-
ature 1.4 × 103K are predicted at this radius by the AGB
atmosphere models of Ireland et al. (2011). A correspond-
ing electron density estimate of order 103 cm3 is obtained
at the SiO maser radius (Assaf et al. 2013) using the ion-
ization model of Reid & Menten (1997). This is consistent
with an earlier independent estimate by Wallin & Watson
(1997). A higher estimate of order ne ∼ 5 × 105 cm−3
is obtained from the semi-empirical model of Harper et al.
(2001) for the radio photosphere of α Ori if computed at
the radius of the SiO maser emission. Significant uncertain-
ties remain, specifically the fine-scale ionization conditions
and spatial structure in the extended atmosphere, the rel-
ative abundance fractions of atomic or molecular hydrogen
(Glassgold & Huggins 1983; Wong et al. 2016), and the neu-
tral number density predictions of contemporary extended
atmosphere models (Wong et al. 2016).
If we assume a line of sight magnetic field in the range
0.5-1 G, somewhat higher than the mean level observed in
the H2O maser region around AGB stars (Vlemmings 2007),
and an electron density of 103 cm−3, the Faraday depolar-
isation length scale is of order 2 R⋆ at 43 GHz and 9 R⋆
at 86 GHz, where R∗ is the stellar radius of VY CMa.
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Figure 6. Emission properties of feature F3, which is defined in
Figure 2.
Top to bottom: Overlaid contour plot of the v=1 J=1-0 (blue),
v=2 J=1-0 (green) and v=1 J=2-1 (red) maser emission, as for
Figure 4; Contour plot of the v=1 J=1-0 emission overlaid with
linear polarisation EVPA vectors, as for Figure 4. Stokes I inten-
sity and percentage linear polarisation spectra of the feature, as
for Figure 4.
Infrared-optical interferometric measurements of R∗ range
from 9.88×1011m (Wittkowski et al. 2012) to 1.68×1012m,
the latter value derived from a stellar diameter measurement
of 18.7 mas (Monnier et al. 2004); both values of R∗ as-
sume a distance of 1.2 kpc (Zhang et al. 2012). We conserva-
tively adopt the larger value of R∗ in our order-of-magnitude
estimates of depolarization length, but this choice does
not affect our conclusion. At the adopted electron density
ne ∼ 103 cm−3 Faraday depolarisation is not be a significant
effect, even for the lower frequency 43 GHz J=1-0 masers.
However we note that this does not hold if electron densities
approach the higher estimates of ne ∼ 5× 105 cm−3.
Several additional results support the conclusion of
lower Faraday rotation. Wallin & Watson (1997) performed
numerical calculations of Faraday rotation in the weak-
splitting regime, which showed that Faraday rotation in cir-
cumstellar SiO masers is not a dominant effect. Assaf et al.
(2013) estimate a Faraday rotation of ∼ 16◦ for the J=1-0
SiO masers toward R Cas. Faraday depolarisation of the
maser emission would also result in higher levels of linear
polarisation at higher J levels (Elitzur 1991); this pattern
has not been unambiguously detected in prior single-dish
studies (Section 4.3, Test 1). Substantial Faraday depolar-
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Figure 7. Emission properties of feature F4, which is defined in
Figure 2.
Top to bottom: Overlaid contour plot of the v=1 J=1-0 (blue)
and v=1 J=2-1 (red) maser emission, as for Figure 4; Contour
plot of the v=1 J=1-0 emission overlaid with linear polarisation
EVPA vectors, as for Figure 4. Contour plot of the v=1 J=2-1
emission overlaid with linear polarisation EVPA vectors, as for
Figure 4, except that the vector length scale is 1 mas = 83.33 ×
10−3 Jy/beam. Stokes I intensity, percentage linear polarisation
and percentage circular polarisation spectra for each of the spots
in the feature, as for Figure 4.
ization would be accompanied by a significant rotation of
the linear polarisation position angle, which is not observed
in prior single-dish observations that suggest depolariza-
tion (McIntosh & Predmore 1993). Furthermore, numerous
VLBI observations of SiO masers show the linear polarisa-
tion direction to be ordered, (e.g. Kemball & Diamond 1997;
Cotton et al. 2006; Assaf et al. 2013), with position angles
predominantly tangential to the star, arguing against a large
degree of Faraday rotation along the maser path.
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Figure 8. Emission properties of feature F5, which is defined in
Figure 2.
Top to bottom: Overlaid contour plot of the v=1 J=1-0 (blue)
and v=1 J=2-1 (red) maser emission, as for Figure 4; Contour
plot of the v=1 J=1-0 emission overlaid with linear polarisation
EVPA vectors, as for Figure 4. Stokes I intensity, percentage lin-
ear polarisation and percentage circular polarisation spectra for
each of the spots in the feature, as for Figure 4.
4.2 Observational tests
Six observational tests of the SiO maser polarisation mod-
els are discussed below, to be evaluated with the multi-
transition SiO maser observations of VY CMa presented
in this paper. Tests that compare maser characteristics be-
tween different transitions are ideally performed using mea-
surements of individual overlapping maser features, to en-
sure that the physical conditions of the masing gas are as
similar as possible.
The tests are evaluated against observational data in
the subsequent section, Section 4.3. Several of the tests have
been performed previously, using single dish and interfero-
metric observations, and these prior results are discussed
along with the application of the tests to the current obser-
vations.
1. Comparison of linearly-polarized intensity in the v=1
J=1-0 and J=2-1 transitions.
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Figure 9. Emission proporties of feature F6, which is defined in
Figure 2.
Top to bottom: Overlaid contour plot of the v=1 J=1-0 (blue),
v=2 J=1-0 (green) and v=1 J=2-1 (red) maser emission, as for
Figure 4; Contour plot of the v=1 J=1-0 emission overlaid with
linear polarisation EVPA vectors, as for Figure 4. Stokes I inten-
sity, percentage linear polarisation and percentage circular polar-
isation spectra for each of the spots in the feature, as for Figure 4.
Under the Elitzur model, SiO maser transitions have
spin-independent linear polarisation solutions (Elitzur
1991). Under the Watson model the J=1-0 transition
will have greater linearly-polarized intensity, if the tran-
sitions are under comparable levels of saturation and
degree of m-anisotropic pumping (Western & Watson 1984;
Nedoluha & Watson 1990a).
2. Comparison of intensity and fractional linear polarisa-
tion.
The relationship between fractional linear polarisation
and saturation level differs between maser polarisation mod-
els, as described above, and observational evidence for the
form of this relationship would provide a means to discrim-
inate between the models.
However, the saturation level depends on the unknown
beaming angle as well as brightness, and the functional form
of the beaming angle varies with saturation (Elitzur 1992).
In consequence, maser intensity is an imperfect proxy for the
unknown saturation level. Nonetheless, with this important
disclaimer, the relationship between linear polarisation and
intensity is a potential diagnostic indicator of the relation-
ship between linear polarisation and saturation.
In the Elitzur model the polarisation solution is not de-
pendent on the saturation level of the masers, as long as
the maser emission has evolved into the stationary solution
(Elitzur 1991). In the Watson model the fractional linear po-
larisation level increases slowly with saturation, only asymp-
totically approaching the GKK solution (Western & Watson
1984; Nedoluha & Watson 1990a). For gΩ ≫ R, a correla-
tion of fractional fractional linear polarisation with satura-
tion level would therefore be evidence for this model.
Near gΩ ≃ R, which is believed less physically likely as
discussed above, fractional linear polarisation may decrease
with increasing maser saturation (Nedoluha & Watson
1990a). In this regime, the addition of m-anisotropic pump-
ing leads to a reduction of fractional linear polarisation at
higher saturation levels for the v=1 J=2-1 line than for the
v=1 J=1-0 line (Nedoluha & Watson 1990a).
3. Comparison of fractional linear polarisation with dis-
tance from the star.
Circumstellar maser emission that is anisotropically
pumped by stellar radiation will be strongest closest to the
star (Western & Watson 1983; Desmurs et al. 2000). The
fractional linear polarisation created by anisotropic pump-
ing is therefore expected to be strongest closest to the star,
where the anisotropy parameter is largest (Kemball et al.
2009). However, this trend may also be influenced by shock
compression of the magnetic field in the inner layers of the
near-circumstellar envelope (Kemball et al. 2009).
4. Electric vector position angle rotation.
Circumstellar SiO masers often show 90◦ EVPA rota-
tions across a single maser feature (e.g. Kemball & Diamond
1997). One natural explanation is a transition over the fea-
ture across the critical 55◦ angle between the magnetic field
and the line of sight in the regime gΩ > R,Γ, where the
direction of the EVPA is predicted to change from parallel
to perpendicular to the projected magnetic field direction
(GKK; Elitzur 2002; Watson 2002).
Under the Watson model, EVPA rotation can also occur
in the gΩ ≃ R regime, with degree of rotation dependent on
saturation (Nedoluha & Watson 1994). This EVPA rotation
is at most ∼ 45◦ over an order of magnitude in saturation
level, except for very large magnetic fields (100G) directed
almost perpendicular to the line of sight (75◦). It is therefore
unlikely that abrupt ∼ 90◦ changes in EVPA are caused by
this mechanism.
Linear polarisation EVPA rotation can also be ex-
plained by m-anisotropic radiative pumping, over a
change in anisotropy conditions (Western & Watson 1983;
Asensio Ramos et al. 2005). A change in the dominant
anisotropy direction from radial to tangential could result in
a 90◦ polarisation EVPA flip, but only if the magnetic field is
not dynamically significant (Asensio Ramos et al. 2005). In
the presence of a magnetic field of order 10-100 mG EVPA
rotation of about 45◦ can occur, however with consider-
able suppression of the masing effect (Asensio Ramos et al.
2005).
GKK-style EVPA flips can be modeled in features that
contain a linear polarization EVPA position angle transition
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of 90◦ by modeling the fractional linear polarization and
its dependence on the variation of the angle Θ between
the magnetic field and the line of sight ml(Θ), along the
maser feature (Kemball et al. 2011). If the functional form
of ml(Θ) across a 90
◦ EVPA flip is well-described by the
GKK model, this is more supportive of the Elitzur models,
because under the Watson model the fractional linear po-
larisation solutions approach the asymptotic GKK solution
only at very high levels of saturation (Western & Watson
1984; Watson & Wyld 2001).
5. Comparison of circular polarisation in the v=1 J=1-0
and J=2-1 transitions.
The ratio of standard Zeeman splitting in the presence
of a magnetic field to the Doppler line width is propor-
tional to the wavelength of the transition (Elitzur 1996).
Standard Zeeman circular polarisation for the J=1-0 transi-
tion at 43 GHz should therefore be double that of the J=2-1
transition at 86 GHz, all other effects being equal.
The standard Zeeman circular polarisation can be in-
creased by a factor of a few due to saturation under the
Watson model (Watson & Wyld 2001). Saturation has no ef-
fect on the predicted circular polarisation under the Elitzur
model, so long as J/Js >
3
4
, where J is the maser intensity,
and Js the saturation intensity (Elitzur 1996).
Under the Watson model, non-Zeeman circular polarisa-
tion can be created by a change in direction of linear polar-
isation. This can occur when the maser emission falls in the
gΩ ∼ R regime, when the magnetic field direction changes
along the line of sight, or when Faraday rotation is signifi-
cant (Watson 2009).
These non-Zeeman circular polarization mechanisms do
not depend strongly on the angular momentum level of the
transition.
6. Correlation between circular and linear polarisation.
If the circular polarisation is caused by the non-Zeeman
effects described in the previous sub-section, then the level
of circular polarisation will be correlated with the level of
linear polarisation (Watson 2009). This correlation can be
destroyed by statistical variations in the emission region, so
the absence of this correlation is not necessarily evidence
against non-Zeeman circular polarisation (Wiebe & Watson
1998). However, if many maser features display circular po-
larisation at a level much greater than the average value of
m2l /4, then the circular polarisation is unlikely to be caused
by non-Zeeman effects (Wiebe & Watson 1998).
4.3 Observational test evaluation
1. Comparison of linear polarisation in the v=1 J=1-0 and
J=2-1 transitions.
Single-dish observations over a sample of sources by
Barvainis & Predmore (1985) show strongly-correlated and
comparable spectrum-averaged fractional linear polarisation
mls in the v=1, J=1-0 and v=2, J=2-1 transitions. Simi-
larly, single-dish observations of these two transitions toward
VY CMa (McIntosh et al. 1994) show broadly-comparable,
or no clear trend, in values for fractional linear polarisation
averaged in velocity over coincident spectral features mlf .
In contrast, a single-dish survey of late-type evolved stars
in transitions v=1 J=1-0, v=1 J=2-1, and v=1, J=3-2 by
Feature, Ordinal relation in ml ml ml Note
spot J=1-0 J=2-1
F1 J=2-1 > J=1-0 6.3% 32.0%
F2 J=1-0 > J=2-1 16.4% ⋆
F3 5.1%
F4 S1 J=1-0 ∼ J=2-1 5.8% 6.8%
F4 S3 J=2-1 > J=1-0 8.4% ⋆
F4 S4 4.9%
F5 J=1-0 > J=2-1 8.7% ⋆
F6 5.5%
Table 3. Fractional linear polarisation comparison between the
v=1 J=1-0 line and v=1 J=2-1 line.
⋆ In these cases, linear polarisation is only detected for the more
linearly-polarised line. However, equal or greater fractional linear
polarisation for the missing line would have been detected within
the sensitivity of the current observations.
McIntosh & Predmore (1991) is consistent with increasing
mlf in higher rotational transitions. Similar measurements
in these three transitions for features in the spectrum of
Mira (McIntosh & Predmore 1993) also generally favor a
lower relative value mlf for the J=1-0 transition. Collec-
tively, these prior results do not allow an unambiguous rank
ordering.
These previous observations were all performed with sin-
gle dish telescopes, so spatial blending is a possible source
of significant systematic error, as noted by the authors.
Ideally, the linear polarisation should be compared at the
component-level in features with spatially-coincident emis-
sion. In the current interferometric study, the only two fea-
tures meeting these conditions that showed statistically sig-
nificant linear polarisation in both v=1, J=1-0 and v=1,
J=2-1 transitions are feature F1 (Figure 4) and feature F4
(Figure 7).
In feature F1 the linear polarisation is considerably
greater in the v=1 J=2-1 line, with an average percentage
linear polarisation of 32% over the feature. The correspond-
ing average in the v=1 J=1-0 line is 6%.
In feature F4, only spot S1 shows significant linear po-
larisation in the v=1 J=1-0 line. In this spot, the linear
polarisation level is similar for both transitions. Significant
linear polarisation is only measured in two frequency chan-
nels across the J=1-0 feature, and three channels across the
J=2-1 line. In both cases the peak linear polarisation is 8%,
measured at the brightest pixel of spot S1 in the peak Stokes
I channel.
For features F2, F3, F6 and the other F4 spots, linear
polarisation is detected in the v=1 J=1-0 line, but not in
the v=1 J=2-1 line, possibly due to lower SNR. This was
investigated by assuming that the v=1 J=2-1 masers are
linearly polarised at the level of the v=1 J=1-0 masers, and
checking if the J=2-1 linear polarisation would lie above the
detection limits defined in Section 3.1 (and vice versa). For
F2, F5 and F4 S3, linear polarisation at the level of the v=1
J=1-0 feature would have been detected in the J=2-1 line
at the sensitivity of the current study. However, in features
F3 and F4 S4 it would not have been detected.
A summary of the these linear polarisation results is given
in Table 3. The average fractional linear polarisation values
ml shown are computed over all detected linear polarisation
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values in the line or feature, without any requirement for
multi-transition detection. However, for features F1 and F4
S1 the values listed in the table are the averages over the
channel range where linear polarisation is detected in both
lines.
The average linear polarisation across all features in the
source with linear polarisation detections, as enumerated in
Appendix A, is 13.7% and 7.7% for the 43 GHz v=1 J=1-0
and v=2 J=1-0 emission, and 15.0% for the 86 GHz v=1
J=2-1 emission.
The results in Table 3 show that more cospatial compo-
nents are needed than are detected in both rotational tran-
sitions before a firm conclusion can be drawn regarding the
relative magnitude ofml. However on the basis of the net or-
dinal relation in Table 3, and secondarily the mean ml over
all features in Appendix A, the current results are more con-
sistent with the conclusion of comparable fractional linear
polarization for both rotational transitions.
Although component-level comparisons allow a more pre-
cise test of the dependence of fractional linear polarisation
on rotational transition than is possible in single-dish stud-
ies, even at VLBI resolution the physical conditions probed
may not be exactly identical in both transitions. For ex-
ample, the large fractional linear polarisation difference in
feature F1 could be explained through a small positional
offset between the maser emission from the J=1-0 and J=2-
1 transitions, translating to a small difference in angle Θ
between the magnetic field and the line of sight. Different
Θ implies a different fractional linear polarisation between
the two transitions in the GKK model for gΩ≫ R≫ Γ, as
plotted in Figure 10. The offset in F1 fractional linear polar-
isation between the v=1 J=1-0 emission (6.3% on average)
and the v=1 J=2-1 emission (32.0% on average) can be ac-
counted for by the gradient over the region Q/I ≃ −0.05 to
−0.3 which corresponds to a change in angle Θ < 10◦. Al-
ternatively, field line curvature along the path length of the
maser emission may reduce the observed linear polarisation.
If the path length of the J=2-1 maser is a limited fraction
of the path length of the J=1-0 maser, the effect of field line
curvature will be diminished for the J=2-1 maser, possibly
explaining the higher J=2-1 polarisation.
Faraday depolarization predicts lower fractional linear
polarization in J=1-0 accompanied by a large linear polar-
ization position angle rotation between the two transitions;
this EVPA rotation is not generally observed in the current
data (Section 4.3, Test 4).
2. Comparison of saturation and linear polarisation.
In Figure 11 the fractional linear polarisation is plotted
against the total intensity for each of the maser features
with statistically significant linear polarisation, separately
for each transition. The plots show a general trend of higher
linear polarisation for the weaker maser emission, partic-
ularly for the v=1 J=1-0 emission, for which the largest
number of maser features were detected.
Trends of higher fractional linear polarisation for weaker
SiO masers have previously been observed in the late-
type evolved stars R Aquarii (Allen et al. 1989; Hall et al.
1990; Boboltz 1997), R Cassiopeia (McIntosh et al. 1989;
Assaf et al. 2013) and R Leo (Clark et al. 1984).
A trend of decreasing fractional linear polarisation with
saturation is at odds with the predictions of both Watson
Figure 10. Plot of the GKK fractional linear polarisation solu-
tion. Vertical lines are plotted through Q/I = −0.32 and −0.063
(see text for discussion).
and Elitzur models in the regime gΩ ≫ R ≫ Γ. How-
ever, in addition to the caveat noted above regarding the
use of intensity as a proxy for saturation, there are very
likely to be additional variables in play. We note that the
observed trend of higher linear polarisation for the weaker
masers has been previously hypothesized to result from rela-
tive saturation and m-anisotropic pumping near the regime
gΩ ≃ R (Nedoluha & Watson 1990a). As discussed above,
this regime is believed less likely to be applicable to circum-
stellar SiO masers based on current parameter estimates.
We also note that McIntosh et al. (1989) argue that stronger
maser emission arises out of longer maser path lengths, these
components may suffer the greatest levels of Faraday depo-
larisation leading to the observed trend in ml(I). However,
for reasons discussed in earlier sections, there is no strong
evidence of dominant Faraday depolarization effects in the
SiO maser region.
Assaf et al. (2013) report higher fractional linear polar-
ization in the inner shell of R Cas; by projection arguments
the authors note that inner-shell features are more likely to
be at extreme velocities in the spectrum. In Figure 12 we
plot the linear polarization percentage against total inten-
sity for all detected v=1, J=1-0 maser features, colour-coded
by LSR velocity. As noted earlier, a systemic stellar velocity
V∗ = +18 km s
−1 has been adopted for VY CMa in the
current work. Figure 12 shows a tendency of weak-I high-
ml features to fall further from the stellar velocity and vice
versa for high-I weak-ml features. Note that the highest I
feature on the figure, with ml 6%, is the unusual feature F1.
In the model of tangential amplification for circumstellar
SiO masers (e.g. Diamond et al. 1994) longer coherent
path lengths and higher intensities occur closer to the
systemic stellar velocity V∗; to first order, maser features
near this velocity are expected to lie closer to the plane of
the sky. If the magnetic field structure is such that masers
at velocities V further from the systemic velocity are more
likely to have smaller angles θ between the magnetic field
and line-of-sight then under the GKK model for ml(θ) for
gΩ ≫ R ≫ Γ (Figure 10), or related functional forms for
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Figure 11. Plots of fractional linear polarisation versus total intensity, for the v=1 J=2-1 (left), v=1 J=1-0 (centre), and v=2 J=1-0
(right) maser features.
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Figure 12. Plot of fractional linear polarisation versus total in-
tensity, for the v=1 J=1-0 maser features. The colour scale is
line-of-sight velocity in the LSR frame, in km/s, as shown in the
color bar on the right. The adopted systemic LSR velocity for
VY CMa is +18 km s−1.
lower saturation in the models of Watson & Wyld (2001),
a possible explanation is provided for the trends in ml(I)
and ml(|V −V∗|) in Figure 12. This θ(V ) dependence arises
naturally with a radial magnetic field (Assaf et al. 2013),
but may also arise from other local or global morphologies.
These effects may also be enhanced by lower gradients in
magnetic field along the maser path for smaller |V − V∗|.
3. Comparison of linear polarisation with distance from
the star.
Time-series VLBA images of polarised SiO maser emis-
sion towards TX Cam and R Cas show strongest linearly-
polarised intensity (Kemball et al. 2009) and fractional lin-
ear polarisation (Assaf et al. 2013) respectively at the inner
boundary of the projected maser shell.
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Figure 13. Percentage linear polarisation versus projected radial
distance from the assumed stellar position, for the v=1 J=1-0,
v=2 J=1-0 and v=1 J=2-1 maser features.
Figure 13 shows the component-level fractional linear po-
larisation plotted against projected distance from the as-
sumed stellar position, for the three transitions observed in
the current paper. The stellar position is unknown, but we
adopt the zeroth-order assumption that the central star is
most likely located toward the centroid of the inner shell of
SiO maser features. The position was estimated through a
grid search of the inner 30 mas of the image, to find the
the position which maximises the minimum projected dis-
tance of the candidate centroid position to the closest maser
feature. The feature positions in Appendix A were used in
this minimisation. A circle representing the star is shown
on Figure 2, centred on the stellar position estimated us-
ing this method, and adopting a diameter of 18.7 mas from
Monnier et al. (2004).
Zhang et al. (2012) determined the VY CMa stellar po-
sition relative to VLBA observations of the SiO masers
through VLA observations of the radio photosphere. The
stellar position assumed in this paper is coincident with the
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Figure 14. Fractional linear polarisation fit for feature F2 against
the GKK model. The plot shows percentage linear polarisation
versus projected angular distance from the assumed stellar posi-
tion (bottom) and fitted angle Θ between the magnetic field and
the line of sight (top).
Zhang et al. (2012) position within the 10 mas uncertainty
cited by these authors.
There is no visible trend in Figure 13 of higher fractional
linear polarisation closer to the star. However, we stress
that VY CMa is a supergiant, with a complex circumstellar
environment and likely asymmetric mass loss (described in
greater detail in Paper I), so the absence of this correlation
does not exclude anisotropic pumping.
4. Electric vector position angle rotation.
Analysis of individual SiO maser features with 90◦ EVPA
rotations were performed by Kemball et al. (2011) and
Assaf et al. (2013) who found that the EVPA rotation and
percentage linear polarisation were consistent with the GKK
linear polarisation solution for gΩ ≫ R ≫ Γ. This solution
forml(θ) is shown in Figure 10, where θ is the angle between
the magnetic field and the line-of-sight.
In the current data, features F1 and F2 are candidates
for a similar analysis.
Feature F2
Following Kemball et al. (2011), a fit was performed for
the fractional linear polarisation in v=1, J=1-0 across fea-
ture F2 (Figure 5), modeling the angle Θ as a second order
polynomial in projected angular distance along the feature,
Θ = p (d− d55)2 + q (d− d55) + 55 (3)
where Θ is in units of degrees and d55 is the projected angu-
lar position of the minimum in the polarised emission, at the
mid-point of the 90◦ EVPA rotation. The projected angular
distances were measured radially from the assumed stellar
position. The measured fractional linear polarisation values
were jointly fit to Equation 3 and the GKK linear polarisa-
tion solution described earlier in this section, using a χ2-fit
for parameters p and q. The results of the fit for feature F2
are shown in Figure 14.
Figure 15. Linear polarisation EVPAs for feature F1, for the
v=1 J=1-0 (blue), v=2 J=1-0 (green) and v=1 J=2-1 (red) SiO
maser emission. The lower x-axis shows the channel LSR velocity,
and the upper x-axis shows the x-position where the v=1 J=1-0
Stokes parameters were measured, at each velocity channel across
the feature. The formal statistical errors are shown for the v=1
J=1-0 and v=2 J=1-0 emission, and the error bars are smaller
than the data points in some cases. Additional systematic errors
are estimated to be 6 5%, as discussed in the text.
The fit is poor relative to that shown in Kemball et al.
(2011) but it is not inconsistent with the GKK linear po-
larisation solution given the uncertain Θ(d) relationship.
Higher-order polynomial models could be used to provide
a better fit to the data, but this is not warranted given the
small number of data points across the feature.
If we assume that the 90◦ linear polarisation flip of feature
F2 is produced by a transition through the critical angle, it
is consistent with both the Elitzur model and the Watson
model (in regime gΩ > R,Γ (Watson 2002)).
Anisotropic pumping is not a likely explanation for
the EVPA rotation in this feature. The magnitude of
the rotation is too large to be caused by the anisotropic
pumping in the presence of a magnetic field as described by
Asensio Ramos et al. (2005). Following similar arguments
presented in Kemball et al. (2011) we believe that it
is less likely that an EVPA rotation of this magnitude
results from a change in anisotropy or pumping conditions
(Western & Watson 1983; Asensio Ramos et al. 2005). In
addition the EVPA is radially directed closest to the star in
this feature, which further does not support this hypothesis.
Feature F2 is also not close to the star, so a large change in
anisotropy parameter over the length of the maser feature
is less likely.
Feature F1
The elongated feature F1 (Figure 4) is a second candidate
feature for a 90◦ EVPA rotation analysis, but has complex
structure.
The linear polarization EVPA variation across the fea-
ture is shown in Figure 15. The two-channel shift discussed
in Section 3.2 has been applied to the v=2 J=1-0 data in the
Figure. The position angles have a 180◦ ambiguity, so they
were all rotated by integral multiples of 180◦ to fall within
[0◦, 180◦]. Error bars are omitted from the v=1 J=2-1 data
points to indicate that the absolute values of these angles
are uncertain to within a single unknown additive constant
offset in the 86 GHz band, as discussed in Section 2. This
offset can be selected prudently if it can be physically jus-
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tified through, for example, alignment with the EVPAs of
SiO maser emission from other transitions. In the overlap-
ping region of F1 the EVPAs of all three transitions agree
relatively closely, within 6 20 − 30◦ (Figure 15). This sug-
gests that the v=1 J=2-1 EVPAs are close to their absolute
values, within ∼ 20− 30◦.
The v=1 J=1-0 and v=2 J=1-0 error bars in Figure 15
were determined through propagation of the absolute error
in the EVPA calibration transfer and the Stokes parameter
errors of each maser component, listed in Appendix A. These
formal statistical errors do not include systematic errors
due to the different angular scales sampled by the VLBA
and VLA during the absolute EVPA calibration transfer,
or systematic errors arising from source variability during
the time delay between the VLA and VLBA observations.
The VLBA and VLA observations were separated by 2 days
(Section 2). The systematic errors are estimated to be 6 5%.
Feature F1: v=1 J=2-1
An EVPA rotation of ∼ 90◦ is evident in Figure 15 for
the v=1, J=2-1 data near an LSR velocity of 34 km s−1.
However, The rotation is not as abrupt as for feature F2
and neither is it accompanied by the minimum in ml(Θ)
predicted by the GKK solution.
Feature F1: v=1 J=1-0
The v=1 J=1-0 emission in feature F1 displays what ap-
pear to be multiple ∼ 90◦ EVPA rotations across the length
of the feature.
These flips may be caused by multiple crossings of the
55◦ critical angle, if the feature is elongated along a mag-
netic field direction oriented close to the critical angle. The
v=1 J=1-0 fractional linear polarisation of this feature is
. 20% (Figure 4). According to the GKK linear polarisa-
tion solution (Figure 10), linear polarisation of less than 20%
arises over a range of angles Θ = 48◦ to 66◦. The three-
dimensional position of the feature in the circumstellar en-
velope is unknown, but for tangential amplification in an
accelerating shell we would expect maser emission arising
further from the stellar velocity to arise in regions of gas
moving at smaller angles to the line of sight. The line of
sight velocity of this feature is redshifted by ∼ 11− 21km/s
relative to the stellar velocity, so it is possible that this fea-
ture is elongated along an axis oriented near 55◦ to the line
of sight, possibly along a local magnetic field direction.
Elongation of a feature in the direction of the magnetic
field could be caused by ionised gas dragging the magnetic
field along the direction of outflow, or a stronger magnetic
field may constrain the ionised gas to move along the field
lines (Vlemmings et al. 2005; Cotton et al. 2006). Circum-
stellar maser images often show radially extended features
with polarisation position angles either parallel or perpen-
dicular to the radial direction, which have been explained
by such alignment with magnetic field lines (Cotton et al.
2006; Kemball et al. 2009).
The multiple ∼ 90◦ rotations visible in the v=1 J=1-0
emission may alternatively be caused by a helical magnetic
field threading the elongated maser feature. In this geome-
try the EVPA would rotate by 180◦ through the coils of the
helix, and there is no need to invoke a transition through
the 55◦ critical angle to explain 90◦ flips.
The similarity of the total intensity spectral shape in the
v=1 J=1-0 and v=1 J=2-1 transitions across F1 shown
in Figure 4 suggests strorngly that the emission from
these transitions arises from the same physical conditions.
However, the measured EVPA values are integrated along
the three-dimensional coherent path length of the maser
emission, and the maser excitation conditions and SiO
density may vary locally in detail across this region. The
measured EVPAs are also spatially filtered by the different
surface brightness sensitivity of the 43 GHz and 86 GHz
arrays. These effects will introduce some level of variance
in the emission from different transitions across the feature,
even for physically-coincident maser components. In this
context, the v=1 J=1-0 and v=1 J=2-1 fractional linear
polarisation difference may be explained by modest differ-
ences in Θ between these two transitions, as considered
earlier, in Test 1.
5. Comparison of circular polarisation in the v=1 J=1-0
and J=2-1 transitions.
A prior comparison of circular polarisation of SiO masers
at v=1 J=1-0 and v=1 J=2-1 was performed with a sin-
gle dish telescope, towards VY CMa, by McIntosh et al.
(1994). The circular polarisation was measured for four ve-
locity features in the spectrum. For each velocity feature
the v=1 J=1-0 circular polarisation was significantly higher
than that in the v=1 J=2-1 transition. In one case the
v=1 J=1-0 circular polarisation was measured to be double
that of the v=1 J=2-1 circular polarisation, consistent with
standard Zeeman splitting, as noted above. As single-dish
observations, these prior results are subject to significant
but unknown systematic errors arising from spatial blend-
ing of individual SiO maser components. Our current study
attempts to make this comparison for individual spatially-
resolved SiO maser features.
The circular polarisation was compared for the six over-
lapping features in the current interferometric component-
level study. Of the overlapping features, only F1 and F4
show significant circular polarisation in both the v=1 J=1-0
and v=1 J=2-1 transitions.
In feature F1, only a single channel displays statisti-
cally significant circular polarisation in both transitions:
−4.61 ± 0.30% for v=1 J=1-0, and −4.31 ± 2.06% for v=1
J=2-1. Standard Zeeman splitting cannot be ruled out for
this feature due to the the large uncertainty of the v=1
J=2-1 circular polarisation measurement.
In the Watson model, saturation effects can increase the
standard Zeeman circular polarisation by factors of a few
(Watson & Wyld 2001) so this result could be explained in
this model by more highly saturated v=1 J=2-1 emission.
This is possible, but not likely, due to the lower intensity of
the v=1 J=2-1 line evident in Figure 4.
Feature F4 is a group of four spots spanning almost
10 km/s (Figure 7). Only spot S1 displays significant cir-
cular polarisation in both the v=1 J=1-0 and v=1 J=2-1
lines. The measured fractional circular polarisation of S1 is
completely different for the two lines, with a maximum of
9.22 ± 1.31% in the v=1 J=1-0 line, and −0.84 ± 0.32% in
the v=1 J=2-1 line. Closer inspection of the feature shows
that the location of the circular polarisation peak of spot
S1 is offset between the two lines. The circular polarisation
measurements are therefore unlikely to be probing the same
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Figure 16. Plot of fractional circular polarisation magnitude ver-
sus fractional linear polarisation magnitude, for the v=1 J=1-0,
v=2 J=1-0 and v=1 J=2-1 maser features.
region of gas, so this component is not included in the cur-
rent test.
The average fractional circular polarisation magnitude
across all of the circularly polarised features in Appendix A
is 3.0% for the v=1 J=1-0 line, 4.2% for the v=2 J=1-0
line, and 2.6% for the v=1 J=2-1 line. We note however
that this is not a comparison between individual coincident
components, so is not highly dispositive.
6. Correlation between circular and linear polarisation.
Evidence of a circular-linear polarisation correlation has
been sought, but not detected, in single dish spectra of
VY CMa (McIntosh et al. 1994) as well as VLBA images of
v=1 J=1-0 SiO maser emission towards R Aquarii (Boboltz
1997) and TX Cam (Kemball & Diamond 1997). In contrast,
Herpin et al. (2006) do report a preliminary correlation be-
tween integrated circular and linear polarization in a single-
dish survey of late-type evolved stars.
Figure 16 shows circular polarisation percentages versus
linear polarisation percentages for maser features with sta-
tistically significant linear and circular polarisation. There is
no observed correlation between the fractional circular and
linear polarisation values.
There are a total of 37 maser features that display statis-
tically significant linear polarisation in the v=1 J=1-0, v=2
J=1-0 and v=1 J=2-1 feature lists in Appendix A. Of those
37 features, 14 display statistically significant circular polar-
isation. All of the 14 circularly-polarised features are circu-
larly polarised at a level > m2l /4 (Wiebe & Watson 1998).
Another 12 features display circular polarisation without
significant linear polarisation. This strongly suggests that
the circular polarisation does not arise from non-Zeeman ef-
fects, which are described in Section 4.2 Test 6. Cotton et al.
(2011) report a similar result from polarised VLBA obser-
vations of the AGB star IK Taurii in v=1 J=1-0 and v=2
J=1-0 SiO maser emission.
4.4 Magnetic field estimates
If the fractional circular polarisation is generated by the
standard Zeeman mechanism, then magnetic field estimates
can be derived from the circular polarisation levels. As men-
tioned previously, the average magnitude of the fractional
circular polarisation is 3.0% for the v=1 J=1-0 line, 4.2%
for the v=2 J=1-0 line, and 2.6% for the v=1 J=2-1 line.
From Elitzur (1996), the magnetic field can be calculated for
standard Zeeman circular polarisation, as B = 2mc∆v5 G
for J=1-0 SiO maser transitions, where ∆v5 is the Doppler
width of the line in units of km/s, fractional circular polar-
isation mc is taken as a percentage, and adopting Θ = 45
◦.
The magnetic field relation will be approximately double for
the higher frequency J=2-1 transition, B = 2 × 2mc∆v5 G
(Elitzur 1996).
This relation predicts mean magnetic fields of 3.6 and
5.0 G for the v=1 and v=2 J=1-0 lines respectively, and
6.2 G for the v=1 J=2-1 line, assuming a Doppler velocity
line-width of 0.6 km/s. Magnetic field estimates from the
Watson model will be similar, for standard Zeeman splitting,
differing by only a factor of ∼ 2−3 due to saturation effects
(Watson & Wyld 2001; Watson 2009).
Similar magnetic field estimates have been reported by
Barvainis et al. (1987) and Kemball & Diamond (1997) for
SiO maser emission towards a number of late-type evolved
stars, assuming standard Zeeman splitting. Barvainis et al.
(1987) estimate a magnetic field value of 65 G for VY CMa,
which is considerably larger than the magnetic field reported
here. The discrepancy is due to their use of a different scale
factor in the Zeeman relation than that in the Elitzur (1996)
expression used here.
Several magnetic field estimates for VY CMa have also
been published for regions at a larger projected radius from
the star: ∼ 2 mG from satellite-line OH maser emission
(Cohen et al. 1987), 1 mG from main line OH maser emis-
sion (Benson & Mutel 1982), and ∼ 175 − 200 mG from
H2O maser emission (Vlemmings et al. 2002). A magnetic
field of order several Gauss is a plausible extrapolation for
the SiO maser region, assuming a solar-type B ∝ r−2 law
as a function of radius (Sabin et al. 2015).
If the standard Zeeman derivation of the magnetic field
values above is appropriate, then the measured magnetic
field values are either sampling a strong global magnetic
field, or the masers are preferentially probing regions of
locally-enhanced magnetic field with low global filling-factor
(Kemball et al. 2009). Figure 3 shows that maser features
displaying statistically significant circular polarisation are
dispersed throughout the circumstellar envelope. If the cir-
cular polarisation is evidence of localised magnetic field en-
hancements, then the stronger fields appear to be randomly
distributed throughout the maser region.
For the elongated feature F1, the v=1 J=1-0 emission
displays circular polarisation at a level of ∼ −2 to −4%
across a region of ∼ 4 mas in angular extent over the region
of the highest total intensity emission in the feature. Using
the standard Zeeman interpretation described above, this
equates to a magnetic field of ∼ 2 to 5 G. In that case,
the magnetic energy density in the masing gas will exceed
the thermal and kinetic energy densities and the magnetic
field would have a dominant role in shaping the feature,
as suggested by Vlemmings et al. (2005) and Cotton et al.
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(2006) for other late-type evolved stars. Feature F1 is a long
lived maser feature, at least 18 months old (Zhang et al.
2012). If the magnetic field in this feature is as high as the
estimates provided by the Zeeman interpretation, then the
feature may possibly be located above a highly magnetised
outflow above a magnetic cool spot or convective cell.
5 CONCLUSIONS
Full-polarisation VLBA images of v=1 J=1-0, v=2 J=1-0
and v=1 J=2-1 SiO masers toward VY CMa were presented.
Component-level characteristics of six maser features that
are spatially-coincident in more than one transition were
used to test maser polarisation models.
The following summary conclusions were reached:
• A comparison of the fractional linear polarisation in the
v=1 J=1-0 and v=1 J=2-1 SiO maser emission of the six co-
incident features showed no clear ordinal relationship with
rotational quantum number J . This result is more consis-
tent with models predicting spin-independent polarization
solutions (Elitzur 1996).
• An analysis of the dependence of fractional linear polar-
ization on intensity, for the transition v=1 J=1-0, containing
the largest number of detected components, proved difficult
as a test on saturation effects due to the likely influence of
geometric effects evident in the data.
• A trend of stronger fractional linear polarisation closer
to the star is not observed, in weak contradiction to the
first-order predictions of m-anisotropic pumping models.
• The form of the fractional linear polarisation variation
across feature F2 is broadly consistent with a transition
across the critical 55◦ angle Θ between the magnetic field
and the line of sight, as in the GKK model for ml(Θ) in the
parameter regime gΩ ≫ R ≫ Γ (GKK). However, the lim-
ited number of data points across this feature limit the qual-
ity of the fit relative to prior results (Kemball et al. 2011).
Feature F1 is more complex, displaying multiple ∼ 90◦
EVPA rotations and considerably greater fractional linear
polarisation in the J=2-1 transition than the J=1-0 transi-
tion. The EVPA rotation of the feature may be caused by a
helical magnetic field, or orientation close to the 55◦ critical
angle.
• A component-level comparison of circular polarisation
could only be performed for one maser feature (F1) believed
to be sampling the same physical conditions in both tran-
sitions. In this feature, statistically-significant circular po-
larisation in the v=1 J=1-0 and v=1 J=2-1 transitions was
only observed in one channel across the feature, where the
fractional circular polarisation was the same for both tran-
sitions, within the measured uncertainties. The large uncer-
tainty in the v=1 J=2-1 fractional circular polarisation mea-
surement means that the standard Zeeman circular polari-
sation model cannot be ruled out by this single component
test.
• The fractional linear and circular polarisation of the
maser features were found to be uncorrelated. A signif-
icant number of maser features are circularly polarised
at a level greater than m2l /4, which provides strong evi-
dence against non-Zeeman circular polarisation mechanisms
(Wiebe & Watson 1998).
This work shows that further full polarisation compar-
isons of J=1-0 and J=2-1 SiO masers are strongly warranted
in order to increase the number of coincident components. A
larger sample of multi-transition circular polarisation mea-
surements will be especially valuable.
This material is based upon work supported by the Na-
tional Science Foundation under Grant No. AST 0507473.
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APPENDIX A: MASER FEATURES
The maser features detected in the v=1 J=2-1, v=1 J=1-0
and v=2 J=1-0 SiO maser transitions are listed in Tables A1
to A3. In each table, the columns from left to right are: Ve-
locity v, full velocity extent ∆v of the feature, position off-
sets ∆α and ∆δ relative to the aligned image centre, Stokes
I , error in Stokes I σI , Stokes V , error in Stokes V σV ,
Stokes Q, error in Stokes Q σQ, Stokes U , error in Stokes
U σU , fractional circular polarisation mc, error in fractional
circular polarisation σc, fractional linear polarisation ml, er-
ror in fractional linear polarisation σl, polarisation position
angle χ, error in polarisation position angle σχ. The veloc-
ity and Stokes parameters of each feature are measured at
the position of the peak Stokes I . The units of the Stokes
parameters and their uncertainties are Janskys per synthe-
sized beam (Jy/beam). The uncertainties in the Stokes pa-
rameters have been empirically broadened as described in
the text, and the linear polarisation calculation includes a
correction for Ricean bias. The fractional linear and circular
polarisation values are presented if they exceed the detection
threshold described in the text.
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Table A1. List of maser features detected in the v=1 J=2-1 SiO maser transition. The column descriptions are given in the text.
v ∆v ∆α ∆δ I σI Q σQ U σU V σV mc σc ml σl χ σχ
[km/s] [km/s] [mas] [mas] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [%] [%] [%] [%] [deg] [deg]
-1.99 0.44 -6.33 -20.64 1.311 0.055 0.014 0.052 0.062 0.051 -0.027 0.053
3.23 3.48 -18.93 -3.93 11.113 0.063 0.071 0.058 0.023 0.061 -0.131 0.059 -1.18 0.53
3.23 2.61 -19.20 5.73 3.308 0.063 -0.040 0.058 0.048 0.061 -0.046 0.059
4.53 0.44 -13.95 -34.44 1.935 0.051 0.005 0.051 0.083 0.050 -0.020 0.049
5.40 1.74 15.30 -0.30 4.117 0.050 -0.026 0.050 0.003 0.049 -0.050 0.051
7.14 1.30 -18.39 -19.92 2.171 0.048 0.042 0.049 0.004 0.048 -0.102 0.050 -4.71 2.29
7.14 0.87 -24.12 0.00 1.897 0.048 -0.101 0.049 0.035 0.048 0.015 0.050
7.57 2.61 -18.69 6.45 2.554 0.047 -0.004 0.050 0.010 0.047 0.014 0.050
8.87 0.87 -19.35 -20.88 1.875 0.056 0.007 0.053 0.026 0.052 -0.043 0.053
8.87 0.87 -26.25 -0.36 1.808 0.056 0.016 0.053 -0.002 0.052 0.042 0.053
9.74 1.30 -16.95 7.11 5.497 0.051 -0.035 0.050 -0.021 0.051 -0.049 0.048
9.74 0.87 -18.63 -2.55 1.900 0.051 -0.021 0.050 0.062 0.051 0.017 0.048
10.18 0.87 -17.76 -3.54 5.643 0.045 -0.014 0.048 0.047 0.049 -0.019 0.046
12.35 1.30 -18.24 -2.94 8.091 0.045 0.059 0.046 -0.061 0.046 -0.142 0.043 -1.76 0.53
13.65 0.87 -18.78 -1.95 2.703 0.055 0.008 0.054 -0.026 0.053 -0.052 0.053
14.09 0.44 33.45 0.36 2.903 0.078 0.031 0.075 0.065 0.074 -0.057 0.073
14.09 0.44 -31.86 3.63 2.255 0.078 -0.064 0.075 0.050 0.074 -0.034 0.073
14.09 0.44 -32.01 -1.11 3.829 0.078 -0.046 0.075 -0.072 0.074 -0.021 0.073
19.30 0.87 20.46 -21.06 1.537 0.061 0.072 0.058 0.065 0.060 0.004 0.060
19.30 0.44 16.65 -23.58 1.046 0.061 -0.069 0.058 0.007 0.060 -0.028 0.060
19.74 0.44 19.14 -24.12 2.575 0.102 0.034 0.101 -0.011 0.102 -0.015 0.101
20.61 1.30 20.43 -24.42 5.166 0.107 0.268 0.101 -0.045 0.104 -0.061 0.102
20.61 2.17 18.33 -23.79 5.595 0.107 -0.026 0.101 0.238 0.104 -0.037 0.102
20.61 0.44 0.24 -22.02 1.568 0.107 -0.033 0.101 -0.008 0.104 0.018 0.102
21.04 1.30 19.86 -25.98 12.601 0.185 -0.626 0.176 -0.099 0.182 -0.193 0.187 4.83 1.14 -85.50 8.94
21.48 0.44 22.08 -24.30 3.641 0.200 -0.018 0.194 -0.117 0.192 -0.092 0.187
21.91 0.87 21.51 -26.58 16.183 0.156 -2.407 0.163 -0.422 0.169 -0.268 0.157 15.07 1.58 -85.03 1.99
22.78 0.44 19.23 -30.21 8.730 0.057 -0.101 0.055 0.045 0.054 -0.128 0.053 -1.46 0.61
23.22 0.44 25.20 -22.17 1.731 0.063 0.002 0.063 -0.067 0.063 -0.046 0.060
24.95 0.44 27.15 -20.76 4.136 0.046 -0.058 0.045 -0.056 0.046 0.007 0.046
26.69 0.44 -8.70 12.69 1.797 0.050 0.023 0.048 0.011 0.049 0.014 0.046
27.13 0.44 -2.46 6.69 1.192 0.071 -0.019 0.070 0.048 0.069 0.014 0.064
27.13 0.44 -8.67 9.96 1.072 0.071 -0.050 0.070 0.018 0.069 -0.054 0.064
27.13 0.44 -23.79 -23.43 3.003 0.071 -0.056 0.070 -0.018 0.069 -0.065 0.064
27.56 0.87 -8.73 8.76 5.864 0.056 -0.009 0.056 0.088 0.056 0.034 0.058
28.43 0.44 1.11 -44.55 1.999 0.059 -0.005 0.060 0.009 0.058 -0.055 0.057
29.30 0.44 12.18 -10.17 1.175 0.060 -0.033 0.059 -0.009 0.059 -0.006 0.062
29.73 1.74 -3.69 5.64 6.151 0.067 0.104 0.065 0.054 0.067 -0.016 0.069
30.17 0.44 -32.49 -19.62 3.033 0.058 0.058 0.057 -0.213 0.055 -0.034 0.055 7.05 0.88 -37.42 7.89
31.04 2.61 -3.93 3.96 7.506 0.142 -0.149 0.145 0.019 0.138 -0.021 0.142
31.04 8.26 -8.37 -25.26 53.815 0.142 -1.694 0.145 -3.012 0.138 -1.187 0.142 -2.21 0.26 6.42 0.48 -59.68 1.19
32.78 1.30 20.64 -14.40 6.326 0.063 -1.866 0.061 -0.081 0.065 0.004 0.062 29.51 1.35 -88.75 1.01
33.64 0.44 -4.92 4.47 1.294 0.056 -0.067 0.059 0.036 0.060 0.015 0.058
34.51 0.44 18.45 -14.22 2.751 0.055 0.380 0.056 0.793 0.055 -0.119 0.057 -4.31 2.06 31.88 1.98 32.20 1.83
34.95 0.44 3.51 -18.03 1.624 0.051 -0.076 0.046 0.041 0.046 0.033 0.049
36.25 0.87 -9.99 -28.35 2.632 0.051 -0.017 0.051 -0.107 0.052 0.084 0.051
37.99 0.44 -10.08 -27.09 1.890 0.042 -0.060 0.041 -0.185 0.040 -0.031 0.041 10.05 0.97 -53.98 6.26
40.16 0.44 -9.12 -18.99 1.796 0.048 -0.032 0.049 -0.032 0.049 -0.037 0.050
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Table A2. List of maser features detected in the v=1 J=1-0 SiO maser transition. The column descriptions are given in the text.
v ∆v ∆α ∆δ I σI Q σQ U σU V σV mc σc ml σl χ σχ
[km/s] [km/s] [mas] [mas] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [%] [%] [%] [%] [deg] [deg]
3.22 1.74 -14.52 -34.77 2.280 0.020 0.093 0.021 -0.005 0.019 -0.010 0.020 4.01 0.94 -8.36 6.21
4.09 0.87 -13.95 -34.68 2.792 0.021 0.008 0.020 -0.259 0.020 -0.057 0.020 -2.03 0.72 9.25 0.73 -50.86 2.26
5.40 0.44 26.76 36.30 1.023 0.018 0.008 0.018 -0.005 0.018 0.015 0.017
5.40 0.44 20.79 43.23 0.740 0.018 -0.008 0.018 0.012 0.018 0.011 0.017
5.83 0.44 27.96 38.37 0.922 0.031 -0.003 0.029 0.006 0.028 -0.011 0.027
6.27 1.74 28.68 37.20 3.211 0.036 -0.011 0.034 0.012 0.033 0.017 0.034
6.27 0.44 -23.28 -11.22 0.698 0.036 -0.002 0.034 0.008 0.033 1.8e-4 0.034
6.70 1.74 29.91 39.33 1.622 0.032 -0.028 0.030 0.013 0.030 0.013 0.030
6.70 2.61 -16.14 7.02 5.258 0.032 -0.009 0.030 -0.008 0.030 0.145 0.030 2.75 0.57
8.44 2.17 23.73 29.19 1.755 0.021 -0.004 0.020 0.037 0.020 -0.011 0.019
9.74 1.30 23.10 27.39 2.040 0.018 -0.096 0.018 0.064 0.018 -0.014 0.018 5.57 0.88 66.40 4.52
9.74 1.30 20.40 2.25 2.042 0.018 -0.094 0.018 -0.030 0.018 0.014 0.018 4.73 0.87 -87.92 5.37
12.35 1.30 25.47 0.15 1.402 0.018 0.004 0.018 0.122 0.018 0.002 0.018 8.63 1.32 37.27 4.31
12.79 0.44 26.37 -0.63 0.719 0.016 -0.013 0.015 0.010 0.015 0.001 0.015
13.65 1.30 13.68 20.28 1.058 0.020 0.013 0.019 0.013 0.021 -0.002 0.019
14.09 0.87 33.42 0.18 7.551 0.024 -0.108 0.024 -0.500 0.024 0.139 0.023 1.84 0.31 6.77 0.31 -57.91 1.33
14.52 0.44 5.10 21.45 0.852 0.021 0.002 0.022 -0.019 0.024 0.004 0.023
14.96 0.44 11.34 37.74 0.759 0.025 0.101 0.026 -0.145 0.024 0.008 0.026 23.12 3.39 -34.34 4.17
15.39 3.48 10.32 17.82 1.763 0.027 -0.005 0.026 -0.015 0.027 0.061 0.027 3.48 1.51
15.83 0.87 24.48 -43.68 1.011 0.034 -0.350 0.035 0.008 0.035 -0.007 0.034 34.47 3.66 82.52 2.89
15.83 2.17 12.24 16.71 1.523 0.034 0.007 0.035 -0.003 0.035 0.025 0.034
15.83 0.44 10.05 16.50 0.655 0.034 0.014 0.035 0.011 0.035 0.030 0.034
16.26 1.30 9.63 19.29 0.616 0.052 -0.014 0.052 0.014 0.053 0.026 0.053
16.26 0.87 -28.62 -0.18 5.903 0.052 0.314 0.052 -0.061 0.053 -0.145 0.053 -2.45 0.89 5.35 0.90 -12.28 4.85
17.13 0.87 14.01 44.04 2.161 0.034 0.402 0.035 -0.006 0.036 0.013 0.036 18.55 1.66 -7.23 2.60
17.13 2.17 3.42 22.08 1.832 0.034 -0.003 0.035 -0.065 0.036 0.001 0.036
17.57 1.30 24.03 26.58 1.223 0.037 0.150 0.037 0.011 0.036 0.017 0.035 11.91 3.13 -4.78 7.25
17.57 0.44 13.44 39.96 0.624 0.037 0.006 0.037 -0.024 0.036 -0.003 0.035
17.57 0.87 12.84 43.11 0.753 0.037 0.020 0.037 0.007 0.036 -0.002 0.035
18.00 0.44 14.91 36.84 0.651 0.034 0.013 0.037 -0.008 0.034 -0.009 0.036
18.00 0.44 14.04 36.81 0.860 0.034 0.022 0.037 4.1e-4 0.034 -0.007 0.036
18.00 0.44 11.40 42.72 0.690 0.034 0.006 0.037 -0.007 0.034 0.008 0.036
18.00 4.35 8.43 18.30 1.324 0.034 0.004 0.037 6.4e-5 0.034 0.006 0.036
18.43 0.44 7.68 18.78 0.776 0.045 0.020 0.046 0.005 0.048 0.019 0.046
18.87 0.44 19.86 -21.51 0.979 0.048 0.008 0.051 0.017 0.049 0.009 0.048
18.87 0.87 7.71 37.98 2.262 0.048 0.226 0.051 -0.072 0.049 -0.002 0.048 10.26 2.29 -15.56 6.15
18.87 0.44 7.38 37.02 0.753 0.048 0.140 0.051 -0.018 0.049 0.010 0.048
19.30 0.44 21.54 -22.65 0.933 0.077 -0.001 0.070 0.003 0.069 -0.024 0.071
19.30 0.44 20.91 -22.68 0.667 0.077 -0.001 0.070 0.019 0.069 -0.009 0.071
19.30 6.52 15.99 14.16 5.225 0.077 -0.023 0.070 0.015 0.069 -0.194 0.071 -3.72 1.36
19.30 1.30 9.48 40.98 2.219 0.077 0.017 0.070 -0.023 0.069 -0.004 0.071
19.30 0.87 8.43 38.01 0.916 0.077 0.008 0.070 -0.039 0.069 -0.022 0.071
19.30 0.44 7.32 19.08 0.658 0.077 0.005 0.070 0.002 0.069 0.015 0.071
19.30 0.44 1.35 30.93 0.744 0.077 0.011 0.070 -0.004 0.069 0.012 0.071
19.74 1.30 13.95 15.87 0.823 0.066 0.004 0.061 0.003 0.058 0.014 0.063
20.17 0.44 5.88 18.00 0.739 0.041 -0.007 0.043 -0.008 0.042 -0.004 0.045
20.61 0.44 22.92 -27.78 0.660 0.075 0.002 0.071 -0.014 0.068 -3.1e-4 0.066
20.61 0.44 21.51 -27.24 0.554 0.075 -0.003 0.071 -0.008 0.068 0.017 0.066
20.61 0.87 20.97 -26.88 0.819 0.075 -0.002 0.071 -0.016 0.068 0.006 0.066
20.61 0.44 8.10 14.40 0.813 0.075 0.006 0.071 0.003 0.068 0.008 0.066
20.61 0.44 6.48 36.75 1.462 0.075 0.042 0.071 -0.119 0.068 0.012 0.066
20.61 0.44 6.45 11.94 0.981 0.075 0.005 0.071 0.005 0.068 0.008 0.066
20.61 0.44 6.00 35.67 0.696 0.075 0.022 0.071 -0.013 0.068 0.006 0.066
20.61 0.44 4.98 17.46 0.994 0.075 -0.009 0.071 -0.013 0.068 -0.005 0.066
21.04 0.87 22.41 -27.48 1.082 0.087 -0.009 0.074 -0.003 0.069 0.024 0.072
21.04 0.87 18.72 -20.85 0.905 0.087 -0.005 0.074 0.001 0.069 0.023 0.072
21.04 0.44 18.36 -20.58 0.652 0.087 -0.002 0.074 0.005 0.069 0.013 0.072
21.04 0.44 10.77 10.71 0.679 0.087 -0.010 0.074 0.005 0.069 0.005 0.072
21.04 0.44 6.03 12.27 0.509 0.087 -0.009 0.074 -0.008 0.069 0.001 0.072
21.04 0.44 4.98 34.11 0.629 0.087 -0.001 0.074 -0.080 0.069 -0.012 0.072
21.48 3.48 21.48 -24.66 16.871 0.089 -0.029 0.066 0.275 0.062 0.026 0.065 1.60 0.38 41.26 7.22
21.48 0.44 12.24 12.12 0.828 0.089 0.003 0.066 -0.003 0.062 0.003 0.065
21.48 4.35 8.70 10.53 3.235 0.089 0.001 0.066 0.027 0.062 0.026 0.065
21.91 0.44 15.84 3.03 0.526 0.059 0.006 0.048 0.051 0.049 0.027 0.047
21.91 3.91 12.84 10.02 7.306 0.059 0.017 0.048 0.242 0.049 0.410 0.047 5.62 0.65 3.25 0.69 36.15 5.94
21.91 0.44 7.44 12.96 0.687 0.059 -0.001 0.048 0.014 0.049 0.022 0.047
21.91 0.44 4.74 11.70 0.778 0.059 -0.002 0.048 -0.010 0.049 -0.008 0.047
22.35 0.87 10.41 5.76 0.932 0.037 0.009 0.035 0.022 0.034 0.026 0.034
22.78 0.44 16.38 31.05 0.610 0.034 -0.019 0.033 0.024 0.031 0.014 0.032
23.65 0.44 16.14 16.56 0.653 0.044 -0.011 0.036 -0.009 0.040 -0.007 0.041
23.65 0.44 3.42 20.55 1.020 0.044 0.012 0.036 -0.001 0.040 -0.007 0.041
24.08 0.44 2.91 23.94 1.295 0.068 0.003 0.063 -0.018 0.065 -0.031 0.065
24.08 0.87 -4.56 17.55 1.372 0.068 -0.011 0.063 -0.023 0.065 -0.003 0.065
24.52 1.30 1.80 21.12 5.650 0.062 0.029 0.049 -0.134 0.052 -0.044 0.050
24.52 3.91 0.90 9.12 11.387 0.062 0.415 0.049 0.361 0.052 -0.239 0.050 -2.10 0.44 4.81 0.44 13.70 2.66
25.39 4.35 13.17 5.22 9.455 0.063 -0.013 0.055 -0.011 0.056 0.030 0.056
25.39 0.44 -0.30 20.94 0.945 0.063 -0.007 0.055 -0.001 0.056 -0.010 0.056
25.39 0.44 -1.53 22.14 0.959 0.063 0.006 0.055 0.005 0.056 -0.006 0.056
25.39 0.87 -5.97 17.28 1.379 0.063 -0.009 0.055 -0.010 0.056 0.010 0.056
25.82 1.30 -3.06 7.50 2.621 0.033 0.054 0.030 0.001 0.029 0.012 0.031
25.82 0.87 -6.36 14.64 2.127 0.033 0.015 0.030 -0.008 0.029 0.005 0.031
26.26 0.44 -2.31 20.04 0.735 0.027 0.019 0.025 -0.011 0.025 -0.003 0.026
26.26 1.30 -3.69 19.29 1.203 0.027 0.025 0.025 0.020 0.025 0.003 0.026
26.26 0.44 -4.50 18.39 0.871 0.027 -5.2e-5 0.025 -0.008 0.025 0.004 0.026
26.69 0.87 -1.89 11.88 2.741 0.025 0.274 0.025 0.024 0.025 -0.050 0.024 -1.82 0.88 9.99 0.94 -4.25 2.62
28.00 1.74 1.35 -45.03 4.416 0.028 -0.099 0.026 0.590 0.027 -0.011 0.027 13.54 0.61 42.99 1.25
28.86 0.87 0.54 5.58 0.858 0.020 -0.011 0.020 0.005 0.020 -0.004 0.019
29.30 4.35 1.14 4.74 3.700 0.022 0.020 0.021 0.014 0.022 0.012 0.022
30.60 0.44 24.33 0.63 1.289 0.023 0.384 0.022 0.054 0.023 -0.001 0.023 30.00 1.78 -2.81 1.68
30.60 4.78 -0.12 4.74 4.387 0.023 0.099 0.022 0.230 0.023 0.069 0.023 1.58 0.54 5.68 0.52 26.51 2.53
31.04 0.44 13.47 -33.12 1.932 0.022 0.024 0.020 -0.466 0.021 -0.051 0.021 -2.65 1.10 24.15 1.11 -50.33 1.26
31.47 0.44 -8.64 -24.81 1.925 0.024 -0.113 0.023 0.108 0.023 0.113 0.023 5.88 1.21 8.06 1.23 61.37 4.36
31.91 0.44 14.49 -31.41 0.787 0.022 -0.002 0.021 -0.100 0.022 0.020 0.022 12.37 2.94 -52.32 6.37
31.91 0.44 14.07 -30.78 0.620 0.022 0.089 0.021 -0.028 0.022 0.016 0.022 14.66 3.56 -15.35 7.24
32.34 0.44 -3.87 4.89 0.568 0.031 0.005 0.029 -2.8e-4 0.029 0.021 0.028
32.34 0.44 -13.68 -15.30 0.752 0.031 0.027 0.029 0.013 0.029 4.8e-4 0.028
32.78 10.43 20.58 -14.55 22.149 0.061 -1.233 0.050 -0.333 0.048 -0.723 0.050 -3.26 0.23 5.76 0.23 -89.24 1.08
32.78 0.87 11.55 -29.73 1.476 0.061 0.651 0.050 -0.225 0.048 -0.008 0.050 46.52 3.91 -16.32 2.02
33.64 0.44 11.07 -28.35 1.835 0.034 0.742 0.032 -0.154 0.032 0.007 0.033 41.25 1.89 -12.65 1.20
33.64 2.17 -8.28 -26.04 1.088 0.034 0.020 0.032 0.005 0.032 0.004 0.033
35.38 0.44 16.02 -15.54 0.722 0.021 -0.009 0.019 0.005 0.019 0.012 0.019
38.42 0.44 -15.60 -27.18 0.614 0.020 0.012 0.020 0.003 0.020 0.007 0.019
39.29 3.04 -9.18 -19.23 5.232 0.033 0.328 0.030 0.019 0.031 -0.008 0.029 6.24 0.58 -5.15 2.76
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Table A3. List of maser features detected in the v=2 J=1-0 SiO maser transition. The column descriptions are given in the text.
v ∆v ∆α ∆δ I σI Q σQ U σU V σV mc σc ml σl χ σχ
[km/s] [km/s] [mas] [mas] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [Jy/b] [%] [%] [%] [%] [deg] [deg]
6.18 0.44 -16.27 7.02 3.187 0.018 -0.002 0.018 -0.010 0.018 0.139 0.018 4.36 0.56
15.37 0.44 9.74 17.40 0.998 0.027 0.003 0.026 -0.005 0.025 8.9e-5 0.025
15.37 0.44 9.47 16.74 1.054 0.027 0.010 0.026 -0.019 0.025 0.002 0.025
15.81 0.88 16.85 17.34 1.475 0.030 -0.029 0.030 4.0e-4 0.030 0.011 0.029
16.25 0.44 8.72 16.68 1.229 0.036 -0.002 0.036 0.002 0.037 -0.010 0.036
16.69 0.44 11.27 14.97 2.028 0.035 0.028 0.032 -0.015 0.033 0.015 0.034
17.12 0.88 7.97 15.72 1.690 0.069 0.016 0.067 0.001 0.060 0.018 0.065
17.56 0.44 7.91 14.40 0.898 0.070 -0.012 0.069 -0.010 0.069 -0.006 0.072
18.00 2.63 14.03 14.01 3.338 0.039 0.068 0.039 -0.013 0.040 -0.012 0.038
18.88 0.44 14.75 14.19 0.957 0.070 0.007 0.064 -0.018 0.065 0.007 0.065
18.88 0.44 13.01 12.66 1.424 0.070 0.008 0.064 0.008 0.065 0.019 0.065
19.31 3.94 15.08 12.60 5.120 0.066 -0.005 0.059 -0.005 0.061 0.021 0.059
19.31 0.44 11.09 11.85 1.302 0.066 0.006 0.059 -0.026 0.061 -0.007 0.059
19.31 1.31 9.62 11.82 0.958 0.066 -0.006 0.059 0.005 0.061 0.005 0.059
19.75 0.44 17.48 -22.77 1.377 0.082 -0.036 0.071 0.018 0.070 -0.015 0.073
20.63 2.19 19.43 -23.01 6.353 0.138 0.007 0.127 -0.006 0.123 0.104 0.125
20.63 2.19 11.48 10.62 4.847 0.138 -0.013 0.127 -0.013 0.123 0.017 0.125
21.06 1.75 21.35 -24.66 12.669 0.079 -0.207 0.076 -0.139 0.070 -0.004 0.073 1.88 0.61 -163.15 9.08
21.06 1.75 12.68 10.17 6.566 0.079 0.006 0.076 -0.030 0.070 0.293 0.073 4.46 1.12
21.06 0.88 8.36 10.50 3.047 0.079 -0.084 0.076 0.003 0.070 0.059 0.073
21.06 0.44 4.64 11.94 1.250 0.079 0.004 0.076 -0.031 0.070 -0.006 0.073
21.50 0.88 21.92 -23.91 6.219 0.102 0.101 0.090 0.028 0.091 0.009 0.093
21.50 0.88 13.25 9.30 6.429 0.102 -0.013 0.090 -0.016 0.091 0.003 0.093
21.94 0.44 15.89 10.92 2.467 0.057 0.006 0.054 -0.006 0.052 0.017 0.052
22.38 0.44 14.03 8.97 2.420 0.041 -0.004 0.040 -0.005 0.039 -0.011 0.040
22.81 0.44 7.73 7.62 0.877 0.039 -0.020 0.036 -0.002 0.035 0.005 0.037
23.25 1.75 14.45 7.08 8.069 0.054 -0.019 0.048 -0.048 0.047 0.246 0.048 3.05 0.59
23.69 3.50 1.46 9.33 6.535 0.046 -0.014 0.037 -0.004 0.035 -0.144 0.039 -2.20 0.60
24.13 0.44 1.67 21.12 3.879 0.044 -0.013 0.040 0.042 0.038 -0.065 0.039
24.13 0.44 -4.78 17.70 1.410 0.044 0.013 0.040 0.022 0.038 0.028 0.039
24.56 0.88 12.95 5.31 2.278 0.034 0.006 0.033 -0.020 0.032 -0.017 0.031
24.56 0.44 1.76 17.94 1.525 0.034 0.015 0.033 -0.036 0.032 -0.016 0.031
24.56 0.44 -0.97 8.94 1.338 0.034 0.003 0.033 -0.015 0.032 -0.095 0.031 -7.13 2.36
25.00 0.44 -1.66 22.17 1.752 0.029 -0.007 0.029 -0.012 0.029 0.004 0.030
25.00 0.88 -5.95 16.92 2.346 0.029 -0.005 0.029 0.017 0.029 -0.004 0.030
25.44 0.88 -3.85 19.38 1.448 0.030 -0.017 0.028 -0.005 0.027 0.014 0.027
25.44 0.44 -6.52 14.70 2.593 0.030 -0.027 0.028 -0.004 0.027 -0.004 0.027
25.88 0.88 -2.08 11.67 1.951 0.032 -0.024 0.030 -0.001 0.031 -0.005 0.031
28.50 1.75 1.10 4.95 3.739 0.022 -0.026 0.021 0.039 0.021 -0.003 0.021
29.82 0.88 -0.13 5.10 1.147 0.018 0.012 0.018 0.011 0.018 0.020 0.018
32.00 0.44 -0.28 3.33 1.053 0.017 -0.014 0.017 -0.003 0.017 -0.023 0.017
32.44 0.88 20.42 -14.49 3.294 0.019 0.471 0.019 -0.003 0.019 -0.189 0.020 -5.75 0.60 14.28 0.60 -90.20 1.18
34.63 0.44 -1.69 2.16 0.976 0.016 0.003 0.015 -0.009 0.015 -0.004 0.015
39.01 2.19 12.62 -13.26 12.563 0.028 0.873 0.028 -0.166 0.028 0.334 0.027 2.66 0.22 7.07 0.22 -95.43 0.90
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